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SECTION I

1.0 SUMMARY

A method has been developed to estimate the weight and major
envelope dimensions of small aircraft propulsion gas turbine
engines. The computerized method, called WATE-S (Weight Analysis
of Turbine Engines - Small) is a derivative of the Boeing WATE-2
computer code (ref., 1l). As in WATE-2, WATE-S determines the
weight of each major component in the engine including com-
pressors, burners, turbines, heat exchangers, nozzles, pro-
pellers, and accessories. A preliminary design approach is used
where the stress levels, maximum pressures and temperatures,
material properties, geometry, stage loading, hub/tip radius
ratio, and mechanical overspeed are used to determine the com-
ponent weights and dimensions.

A relatively high level of detall was found necessary in
order to obtain a total engine weight within the required
t10-percent accuracy. Component weight data from Garrett engines
wag used as a data base to develop the methods required for small
gas turbine engine components., The small engine weight method is
probably valid for other manufacturers, however, this has not heen
verified. The accuracy of the method is generally better than
+10 percent, on the order of 5 percent. This accuracy was
verified by applying the method to four Garrett propulsion
engines, some of which were in the original data base. Engines
used in the validation study were jointly selected by NASA and
Garrett,
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SECTION II

2.0 INTRODUCTION

Aircraft propulsion system studies are frequently conducted
by industry and government. These studies may encompass a wide
variety of engine concepts ranging from relatively simple turho-
prop and turbofan engines to complicated variable cycle engines.
The aerospace industry in general has acquired an adequate com-
puter capability to evaluate the thermodynamic performance of
these diverse engine concepts; however, until recently, accurate
methods of estimating engine weight and dimensions were not read-
ily available.

The Boeing WATE-2 (Weight Analysis of Turbine Engines) com-
puter program was written primarily to esatimate the weight and
major envelope dimensions of large, axial-flow turbofan and turbo~
jet propulsion engines. A preliminary design approach is used
where the stress levels, maximum temperatures and pressures, mate-
rial properties, geometry, stage loading, hub/tip radius ratio,
and shaft mechanical overspeed are used to determine component
weights and dimensions.

Overall, the basic approach of the Boeing WATE-2 program is
valid for small gas turbine engines; however, major modifications
to some of the component modules were required to improve the
accuracy and flexibility of this program for small gas turbine
engines.

L_ e A e e e e .




A computer program specifically written to eatimate the
waight and dimensions of small gas turbine engines was derived
from the Garrett version of the Boeing WATE~2 computer program,
This program will be referred to as WATE-8 (Weight Analysis of
Turbin.. Engines - Small}. It was configured on a stand-alone
basis, the required input being obtainable from most general pur-
pose thermodynamic engine cycle performance computer programs. A
small gas turkine engine as defined for WATE-8 suitability is out-
lined below:

(o} Conventional and unconventicnal Brayton Cycles (regen-
eration, intercooling, reheat, afterburning, combina-
tions)

o Separate or mixed-flow turbofans

o Core~corrected ailrflows from 0.23 to 4.54 Kg/s (0.5 to
10.0 lbm/s)

Q Compressor pressure ratios from 5 to 25

o Turbine rotor inlet temperature from 1089°K (1960°R) to
1922°K (3460°R)

o] Propellers and propfans suiteble for aircraft flight
speeds up to Mach 0.8

o Axial and radial flow turbomachinery components with
input specified staging and shafting arrangements

o Geared or ungeared propulsor drive.
WATE-S determines engine weight and dimensions by summing the

welghts and dimensions of each major component including pro-
pellers, fans, compressors, combustors, turbines, and nozzles.

o e ee—




Each individual component specified in the input is individually
modeled uaing fundamental physical relationshipa. The apecific
tasks accomplished are summarized in the following sections.

2.1 Component Modu):s Requiring Modifications

Fans and Axial Conpressors - The WATE~2 axial compressor model
assumes the general design pressure-ratio corrected tip~apeed
relationship is applicable to fans as well as low- and high-
pressure compressorg, Garrett experience has demonstrated that
this assumption is not valid for most small and intermediate tur-
bofan engines. Separate fan accounting is provided in WATE-S as
well as a design pressure-ratio corrected tip-speed relationship
suitable for small axial compressors.

Centrifugal Compressors and Radial Turbines - The WATE-2 centrif-
ugal compressor and radial turbine models are not consistent with
the desired component preliminary design philosophy. These mod-
ules have been completely rewritten so that radial flow component
weights and dimensions are determined on the basis of fundamental
physical relationships similar to those used for axial flow compo-
nents.

Reverse-Flow Co..sugtors - The WATE-2 program's combustor logic is
not applicable to reverse-flow combustors. The mean burner diam-
eter is used as the geometric design parameter. For reverse=flow
burners, where the burner is positioned around the HP turbine, the
inner diameter has more geometric significance. The ability to
use either of these diameters as the geometric design parameter is
incorporated in WATE-S,

Engine Accessories - Engine accessory weights are currently lumped
together as a percentage of bare engine weight. Small gas turbine
engine accessory weight data including the starter/generator,
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battery, fuel pumps, oil pumpsa, propeller piteh control, fuel con-
trol, ete., was reviewed to determine if a more detalled weight
model was warranted. A new accessory weight model has been devel~
oped and included in WATE-S8.

2.2 New Component Modules

Gearboxes - The WATE=~2 program gearbox welght accounting is spread
through a number of subroutines, A different model is used for
axial and centrifugal compressor gearboxes, and no method is
available for linking a gearbox to a turbine for geared fan or
propeller free-turbine engines. A new gearbox component module
was necessary to provide the required flexibility for small gas
turbine engines. 1In this way, gearboxes may be connected to any
rotating component desired and consistent gearbox weights esti-

mated.,

Propeller and Propfans - Methods of estimating propeller and prop-
fan weight and dimensions are not included in WATE-2. A new pro-
peller component module based on Hamilton Standard propeller data
has been developed and incorporated in WATE-S.

2.3 General Modifications

in addition to the above, the printer plot option of WATE-2
has been made operational for small gas turbine engines, Centrif-
ugal compressors, reverse-flow combustors, and radial turbine ele-
ments were added to the axial flow component plot capabilities. A
general review of the many geometric assumptions used in WATk-2
for large turbomachinery components was completed to determine
their suitability to small gas turbine engine components.

s default engine configuration is incorporated in WATE~-S.
the default engine is a two spool turbofan engine consisting of a
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fan, axi-centrifugal

high-pressure compre.Jsor, axial high-~
pressuye turbine, ang

axial fan turbine, Four reference engines
ut and validation, The
ight and major envelope
Thias has heen demonstrated

S in estimating engine we
Percent or better,
by analysis of the reference engines,

dimensions (s +10
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SECTION IIT

3.0 METHOD OF ANALYSIS

The methods of analysis used in WATE~S are based on a praeli~
minary design approach where the aerodynamic and mechanical deaign
variables are taken iato account. 1In the compressor, for example,
rotor blade welght is calculated as a function of the speclfied
geometric parameters, Blade centrifugal stress is then found, and
the disk weight that will support the blade rotational force is

determined. This type of preliminary design approach was also
used for the other componenta.

The WATE-S method i3 intended to estimate the welight of a
given engine design; it will not design an engine. This function
must be performed external to the program., WATE-S utilizes com~
ponent state conditions which are generated in an external engine
thermodynamic cycle computer program.

In the normal use of WATE~S, the desired engine cycle is sim-
ulated at the engine design point. The user of WATE-S must be
cognizant of other conditions in the flight envelope where maximum
component temperature, work, speed, or flow occur. If these con-
ditions are greater than the design values, they can size the com-
ponent and have a significant impact on the component weight,

WATE-S allows input of sgcalars to account for these cff-deaign
conditions.

A more accurate weight estimate can be achjeved by developing
an array of engine cycle data over the engine operating envelope.
The WATE-S program will scan the input engine cycle data and
gselect the maximum conditions for each component.
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The engine aycle aimulation may use components that are
required mathematically, hut are not desired in the engine
weight, These can be aeclectively eliminated by the use of the
component weight scalars,

3.1 Component Weight and Dimension Methodology

The methods of analysis described for each component in the
following sections have been developed to achieve an overall
engine accuracy of 110 percent. 8ince the rotating components
comprise the major part of the total engine welght, considerable
detaill was necessary in order to achieve the accuracy goal. Nor-
mal program users may not have sufficient knowledge to adequately
define all of the necessary inputs; however, typical values are
given in the User's Guide, Section 4.

3.1.1 Axial Fangs and Compressors

The procedure used for axial fan and compressor weight pre-
diction is a stage-by-stage aeromechanical design as illustrated
in Figure 1. Rotor blade volume and weight are determined; then,
blade centrifugal strees, disk stress, and disk weight are calcu-
lated. Connecting hardware, stator blades, and cases are then
estimated and summed to give the total component weight. The fol-
lowing input data is necessary:

o The number of compressor stages. Stage work is held
constant for multistage axial compressors, Alterna-
tively, a maximum first-stage pressure ratio, which

reflects the design approach and technology level, may
be input

0 Inlet and exit Mach numbers of the compressor




*pOy1I9H IYPIBM 1ossoxdwo) T 93indbia o

SINVA
JUVYMOHVYH DNILIINNOD g S30v8

aﬂhuAu

ﬂ.l
o h/
WYIINVHIIN

SININIVINDIY SOIISIBILIVHVHI wu_..m.:mnw“wmuw
TWHILLINKYLS IVIHILVA o INVNAOREIILL




o Inlet hub/tip radius ratio of the first-stage blade

o Comprensor demign modes i.e,, conatant meanline, con-
atant hub, or constant tip dlameter

o Effective density of blade material; defined as the
ratio of total blade welght and volume

o Maximum inlet and exit temperatures, i1f not at design

o Aspect ratios for the firat and the last stage hlades

o RPM___/RPMg4.q overapeed factor

max

o Blade tip soildity, ratio of blade tip chord and spacing
o Density of disk material

0 Blade taper ratio

o plade volume factor; ratio of blude voluvme and total

annulus volume.

The total e:ihalpy change for the component is available from
the engine cycle data. Equal work for each stage is assumed, and
the number of stages required is found by jteration until the
first-stage pressure ratio is equal to or less than the specified
maximum. When the number of stages is specified, first-stage
pressure ratio is calculated based on the equal work per stage
assumption and the mazimum allowable pressure ratio input is
ignored. Shaft speed is determined from the axial fan and com-~
pressor tip gpeed correlations given in Figure 2. These com-
pressor tip speed correlations are based on current (1982) tech-
nology levels. The rpm of additional compressors driven on the
same shaft will be set by the firat upstream COmMpPressor.

10
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)
WHERE Y: = CORRECTED TiP SPEED, m/s
Ve
W/t = HUB/TIP RADIUS RATIO

PR = FIRST-STAGE PRESSURE RATIO

700 =

COMPRESSOR CORRECTED TIP SPEED, m/s

200 Y ¥ T T ¥
10 1.2 1.4 1.6 18 2.0

FIAST-STAGE AXIAL COMPHESSOR PRESSURE RATIO

Figure 2. Axial Fan and Compressor
Tip-Speed Correlatica.
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In the event that an existing compressor is heing welghed, or
the shaft speed is already known, a speed scalar can he applied to
the shaft speed found from Figure 2 to achieve the desired value.
The speed scalar can also be used to modify the estimate of shaft
speed for high-pressure compressors, where the inlet temperaturae
significantly affects the pressure ratio capability, or for
external iterations of an engine design.

!

The first-stage flow area is determined by the specified Mach ;
number and the corrected inlet airflow from the cycle data, Inner ‘ ‘
and outer diameters of the flow path are calculated from the spec-
ified radius ratio:

L IR N LU LU DAL . (LIS LA

-

A inlet
Dy = )
m{l-(hA)"] (1)

h
E (2)

lad

T
]
_—

D, = D¢

Compressor RPM is determined by dividing the tip speed (found from ]
Figure 2) by the product of m and the tip diameter (Dt).

LAY BRI

Stage length is found in the following manner. Axial blade J
chord (C), as shown in Pigure 3, is the quotient of the blade
height and aspect ratio:

C = D (3)

12
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Figure 3. Blade Schematic.
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The stator length was assumed to be equal to the rotor length
(or blade chord}, and 17 percent of the rotor length required for
clearance between rotor and stator and the same c¢learance between
the atator and the next rotor.

The total number of blades 1s calculated from the specified
tip solidity (C/S) and aspect ratio (AR), and previously calc¢a-

lated tip diameter (Dt) and blade height (hB)z
. . . AR
NB =7 Dt c/S E; (4)

This wvalue is truncated to an integer numbher of blades, and the
same value is used for the stator,.

The total volume of metal in the compressor hlades is then

calculated from;

K hB3
vy =

- e (5)
ARi

where K is a volume factor which accounts for firtree mount vol-
ume, taper ratio, and thickness-to-chord variations in typical
blades. For the data base engines, K was found to be 0.06 for fan
blades and 0.12 for compressor blades with hub/tip radius ratios

less than 0.8. For compressor blades with hub/tip radius ratios
greater than 0.8;

K =0,12 + 0.04 (h/t - 0.8) (6)

The rotating blade weight of each stage is determined from
the blade volume and material density. Material density automati-
cally changes from titanium to steel when the stage inlet tempera-
ture exceeds a specified maximum, normally 644°K (1160°R). Sta3je
temperature is determined from the engine cycle data, the equal
work assumption, and the specified over-temperature ratio. Stator
blade weight and dimensions are assumed equal to the rovor hlades
and include the inner shroud.

14
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The maximum blade centriiugal atress occursa at the hlade root
and ia a function of tip speed, blade height, taper ratio, and
Lxpreased in terma of the nondimenaional blade

material density.
ade root centrifugal strean fas

geometry, the equation for bl

wopv, 2 [ - (n/e)? | TR-L
r = goTR ,__._._L.Lz_ -+ gy (1 -~ h/t) (1 + 3 h/t) (7)
t of the design tip speed and the overspeed

where U, is the produc
An inserted blade is assumed, and the disk

factor, RPMmax/RPMdes°
material is assumed to be titanium or steel forgings with ultimate

strengths of 82.7 KN/cm2 and 110.,3 KN/cm2 respectively., The rim
d to be 10 percent of the blade hub radius or
1.91 cm, whichever is greater. The remaining disk volume is
assumed to be a trapezoidal section rotated about the axis. The
thickness of the trapezoid at its outer radius is sized for
75 percent of the ultimate strength. Thickness of the trapezoid

at the inner radius is based on 50 percent of ultimate strength
This value was selected based on an

of the disk is assume

for the tangential stress.
exper imentally determined burst speed margin.

1f the average tangential stress can be satisfied with a con-
the bore radius is increased until the

stant thickness disk,
ved that just meets the design cri-

jowest weight disk is achie

teria.

Disk stresses are calculaced based on the total blade force
acting on the outer circumference of the disk, and are therefore

sensitive to changes in blade aspect ratio and golidity, as well

as blade centrifugal stress and hub radius.

pimensions of succeeding stages are based on the design mode
tip, or hub radius). In the constant
the mean radius is based on the
This mean radius is held

selected (constant mean,
mean line method, for example,
mean flow area of the first stage.

15




constant for auhsequent stagea, Corrected airflow at the entry of
each stage is determined from the calculated state conditions
derived from the equal work per staje assumption. Stage inlet
Mach number is assumed to vary proportionally to the number of
stages when different inlet and exit Mach numbers are specified.
Tip speeds for the downstream stages are then calculated from the
stage dimensions and shaft speed. Blade aspect ratio 1s deter-
mined by assuming a proportional change for each stage {f inlet
and exit aspect ratios are different.

Figure 4 illustrates the stage coupling method that was dev-
eloped by Boeing and used in WATE-S. The spacer, nuts, and bolts
are assumed to be steel, with the spacer being a 0.191-cm thick
cylinder located at 75 percent of blade hub radius. The connec-
ting hardware weight (th) is estimated by the following equation:

Wy, = 27 (0.75 . R,) . 0.191 . Lgns +p (8)

where Ry is the blade hub radius, L is the stage length, andp

is the material density.

Stg

The outer case is the last item of weight included in the
compressor weight buildup. Average case thickness in the data
base engines was 0.254-cm equivalent thickness, {including
fasteners and flanges, Case welght is calculated stage by stage,
and the same material used in the disk is also assumed for the
case:

W, = 7D

. ¢ + bgpg + 0.254 .p (9)

where D_ is the stage tip diameter,

t

Total stage weight is the sum of the rotor bhlades, stators,
disk, connecting hardware, and case. Stage weights are summed to

16
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give the total component welght. The sum of all stage laengths
gives the total compressor length, Inlet guide vanes are not
included in the compressor weight, but can be accounted for with a
frame {see Section 3.1.9),

Rotational inertia of the compressor ia determined hy finding
the inertia of each stage of the component. It is assumed that
blades have uniform weight/area and the disk is of uniform thick-
ness. This method had been applied to several existing engines
and the results showed good agreement. The following equations
are used for the blades and disk inertias:

2
W..[h
B[ B 2
IB L [-Q_(T + Rh )] NB (10)
W
D 2
ID = ia . Rh (1)

I = I_+1I (12)

The component inertia is the sum of the inertia of each stage.

3.1.2 Rotating Splitter

A rotating splitter, see Figure 5, is a circumferential
gseparator of two flows within the same component. These flows
normally have different pressures and temperatures, and the split-
ter must perform a sealing function. Stages that incorpocate
rotating splitters are treated the same as compressors; a rotor-
stator pair comprises one stage, stator weight and size are
assumed to be the same as the rotor blade, and rotor-stator spac-
ing is 17 percent of rotor length.

18
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The rotating aplitter adds weight to the blade and increasen
the centrifugal hlade force, Consequently, the disk must he

heavier to ocarry the added load. Splitter weight per bhlade is
estimated by:

2migp C2 L 0,10 .p |
Wgpp, ™ === 2ot agimaim mm e (13)

B
where C is the blade chord found from Equation (3) and RSPL is the
radial location of the splitter. Thickness of the splitter is
assumed to be 10 percent of the chord, however, this choice was
based on only one engine, the General Electric CJ805-23, The
CJ805-23 aft-fan blade has a rotating splitter which has a box
section. The s0lid equivalent thickness of ..e hollow bhox was
approximately 10 percent of the chord. A more accurate estimate

could be made by actual design of the cantilevered platform to the
desired deflection ana/or stress levels.

The centrifugal force contribution of the rotating splitter
is:

SPL o 2m. RPM_ 2 (14)

SPL * T 60.0

where RPM is the shaft speed determined in the same manner as for a
compressor.

Blade root centrifugal stress (Equation 7) is increased by
the amount

F

F
Ao _SBL 5 SPL__ (15)

e %, esc
where t/C is the thickneas/chord ratio of the blade (which 1is
assumed to be 10 percent). Disk weight 1s determined with the

increased stress level using the procedures described for axial
fans and compressors (Section 3.1.1).

20
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Shaft speed determination (as described in B8ectinn 3.1.1)
asgumes that bhlade~-root atresa ias subecritical. Use of a rotating
aplitter will cause the blade centrifugal atreas to increase sig-
nificantly, and the WATE~8 output should be inapected to determine
whathar or not the atrems level is acceptable. Reduction of shaft
speed may he required to reduce the streas level,

If shaft speed is decreased, additional compressor stages may
be reguired to accomplish the same work. Alternatively, the
radius rvatio of the compressor can be increased to restore work
capacity (due to higher tip speed). Disk weight of each stage
will increase for this compromise, however. The final choice must
be iterated external to WATE~S and may depend on whether or not
the flow path is reasonably well matched to connecting components.

These secondary effects may have a much larger impact on the
engine weight than the weight of the splitter material, and they
should not be ignored.

3.1.3 Axial Turbines
The methods used for axial turbines are generally the same as
those previously described for axial compresscors. The following

input data is required:

o The number of stages or the maximum mean diameter of the
first stage

o Inlet Mach number (axial) of the first stage, and exit
Mach number (axial) of the last stage

o Rotor blade aspect ratios of the first and last stages
o] Blade tip solidity

21
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0 Reference disk atreas, 0,2 percent yield point of the
material saleacted

o Cooling indicator, to modify the blade volume calcula-~
tion for cocling paassages

o Turbine design moda; i{.e., conastant hub Aiameter, con-
atant mean line, or conatant tip diameter

o Shaft overspeed factor, RPMmax/RPMdes

AH
o Mean work coefficient, » = g N,

™
where A4H/N = enthalpy change per stage

and Um = mean blade speed
o Blade material density

¢ Blade taper ratio

() Blade volume factor; ratio of blade volume and total
annulus volume,

Two alternative procedures may be used to size the turbine:
(1) specify the number of stages, and assuming equal work per
stage, calculate the mean diameter of the first stage based on the
input turbine mean work ccefficient; or (2) specify the maximum
mean diameter of the firat stage, and assuming equal work per
atage, calculate the number of stages required to satisfy the
input turbine mean work coefficient. Total component work and
state conditions are taken from the engine cycle data.

The flow area required to pass the corrected airflow at the
specified Mach number is calculated at the inlet of each stage.
For the first stage, the hub and tip radii are calculated from
this ar2a and the previously determined turbine mean radius. Sub=-
sequent stage dimensions are calculated based on the design mode
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selocted (conatant mean, hub, or tip diameter). When the firat-
stage inlet Mach number and ampect ratio are different from the
lant stage valuea, a proportional change is assumed for the inter~
mediate atages,

Rotor blade chord and number of blades are determined by the
game methods used for axial compreasors. Blade volume i{s alsc
determined by the same method, Equation (5), excapt that K = 0,155
for high-presaure turbines and K = 0.195 for low-pressure tur-
bines. When the blade is a cooled blade, the calculated volume is
reduced 20 percent to compensate for cooling-alr passages. Blade
weight is then found from the specified material density. Blade
root centrifugal stress is calculated by Equation (7). The disks
are calculated by the preliminary design procedure already discus-
sed for axial compressors,

Each stage of the turbine is treated as a stator-rotor pair
{(as opposed to rotor-stator pair in the compressor). Stator
blades are assumed to have the same number and volume of material
as the rotor blades, The stator welght is calculated by Equation
(5), with K = Q0,155 for high-pressure turbines and K = 0.195 for
low-pressure turbines. Stator~-rotor spacing is the same as com-
pressors, 17 percent of the rotor length. §Stator AR is taken to
be 83 percent of the rotor blade AR.

Connecting hardware and case weight are also determined by
the same methods used in the compressors. The total weight and
length of the turbine component is the sum of disk, blade, stator,
connecting hardware, and case. No exit guide vanes (LGV) are
assumed in the turbine component. EGV's, if required, can be con-
sidered a part of the exit frame welght. Rotational inertia is
determined in the same manner as the compressor.
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3,1.4 Centrifugal Compressars

The procedure used for centrifugal compressnrs is a prelim-
inary design approach similar in principle to that used for axial
compressors. Blade volumes and weights are determined and a disk
is sized to aupport the blades for allowable atress levels hased
on inlet and exit flow path temperatures, The following inputs
pre required for centrifugal compressors:

o Inlet Mach number
o Maximum first-stage pressure ratio, which reflects the
design approach and technology lev2l, Stage work for
this stage will be held constant for the second astage.
Alternatively, the number of stages can be specified.
o Inlet hub/tip radius ratio
o) Number of blades and splitters
o Exit Mach number
o RPMmax/RPMdes overspeed factor
o Hub inlet/tipexit radius ratio
Only a one- or two-stage centrifugal compressor may be used
in a WATE-S engine simulation. The total enthalpy change for the
component is available from the engine cycle data. Equal work for
each stage ls assumed, and the number of stages is calculated to
satisfy the maximum first-stage pressure ratio vequirement. When
the number of stages is input, first-stage pressure ratio is cal-

culated baced on equal work per stage and the input maximum pres-
gure ratio is ignored.
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1

? The inlet flow arca ia determined from the specified Mach
i numbor and inlot corrected flow from the sngine cycle data., The
: inlet hub (R} and shroud (Ryq) radli are calculated from the
E\ apeceificd Inlet/hub tip radiua ratio (aee Flgure 6).

?

l‘[

;‘éc

L

]

3

‘-

;

;

i

5 Pigure v, Coptrifugal Compressor/Radial Tarbine Schematic,

4 . A ‘t o
4 I .\/{NFAM,LQLEL?_. (16)
m [1-(h/t)“)

Rig = b/t . Ry (17)

The oxit tip radius (Rt) ia then calculated from the input
huhinlet/tipoxit radius ratio, The exit flow area is determined
from the specified coxit Mach number and corrected tlow from the
engine oycle data.  The compressor exit blade length (BL) is c¢cal~
culated from this arca and R

t H
'_‘grsu.

BL - 2rrRt ()
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The ratio of axial length to radial height of the blade at the
gshroud (DZ/DR)' is assumed to be 2., and the flow path is assumed to
be comprised of two ellipses. Blade volume is computed assuming
the blade thickness at the shroud is 0.076 cm and the thickness at
the hub results in 15-~percent blockage;

0.15 (2#R
S -1
§ (19)

t
hub B

where NB iz the number of blades. The compressor material and
allowable blade and disk stress levels are selected based on the
maximum temperature conditions for the compressor.

The compressor speed is determined from the current (1982)
technology design pressure-ratio corrected tip-speed correlation
illustrated in Figure 7. Once the material {s selected and the
rpm is calculated, the blade weight, stress, and natural fre-
quencies are calculated.

ﬁ 700 -
[~
o
E 600 =
=
:
& 600-
8
o
©
§ -
:
300 ) T ] F ]
1 3 ] 7 ] "

FIRST-5TAGE CENTRIFUGAL COMPRESSOR PRESSURE RATIO

Figure 7. Centrifugal Compressor Tip-Speed Correlation,
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The compressor disk 1s sized by an iterative preliminary
design procedure to support the blades and minimize the stage
weight, while maintaining the maximum allowable mtress level at
the bore. This is @Qone by varying the bore radius and backside
geometry of the disk.

Total stage weight is the sum of the blade, disk, shroud, and
diffuser weights; and c¢rossover duct welght if a two-stage centri-
fugal compressor is modeled (see Section 3.1.6, Equation 32).

+
= AsS .t }
Wenroug = 0+ 1673p (20) .

3

The diffuser radius is assumed to be 1.6 times the exit tip radius
(Rt) and the length equal to 7 percent of its diameter.

The total stage inertia is cstimated from the following 1
expression:

5

I = 0.1086pR, (22)

cent

where p is the material density selected.

3.1.%5 Radial Turbines '

The method described for centrifugal compressors is generally
the same for radial turbines. The input data required is;

PR Y

o Inlet Mach number

98K/

o Turbine work coefficient, A, = ——3=
v
t

A B A T+ i o kT el M 2,
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0 Numher of bhlades and splitters
o Exit Mach number
o RPMmax/RPMdea overspeed factor.

Only a single-stage radial turbine is allowed. The total enthalpy
change for the turbine is known from the engine cycle data. The
inlet tip radius (Rt) of the turbine is calculated from the input
turbine work coefficient and the previously calculated eshaft
speed. The inlet flow area is determined from the specified Mach
number and the corrected flow from the engine cycle data. The
inlet blade length is calculated from:

Afnlet
27R

BL =
t (23)

The exit shroud radius (Rls) of the turbine is assumed to be
70 percent of the inlet radius (Rt) and the exit hub radius (RlH)
i3 calculated knowing the exit corrected flow and Mach number.

Ryu =\/“132 - A—‘E-'T",-i-'i (24)
The ratio of axial length to radial height of the blade is assumed
to be 2.1, and the flow path is assumed to be comprised of two
ellipses. Blade volume is computed the same as for centrifugal
compressors. The turbine material is assumed to be a nickel-based
guperalloy with a denslity of 0.00792 kg/cm3 and allowable stress
levels for the blade and disk of 51.7 KN/cm2 and 86,2 KN/cmz,
respectively. Disk weight is calculated the same as for the cen-
trifugal compressors.

Total component weight is the sum of the blade, disk, and
shroud weights.
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Rlﬂ + Rt 3

The total inertia of the radial turbine is estimated from the
following expression:

= 0.1687pRS5 (26)

Irad turb t

3.1.6 Ducts

The design criteria used to size the ducts in WATE-S |is
assumed to be the internal pressure. Structural loads cannot be
addressed in the preliminary design process where WATE-S is
intended to be used. Figure 8 illustrates the typical duct geome-
try assumed. Generally, the outer surface of the OD duct wall is
exposed to ambient pressure or fan duct pressure. The inner sur-
face of the ID duct wall can be subjected to fan pressure, LP
compressor pressure, or HP compressor exit pressure, etc. For
these reasons, ambient pressure is assumed for the calculations of
duct wall thickness, this assumption results in conservative
weight estimates.

Figure 8. Duct Schematic.
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The equation for stress on a longitudinal section of a thin-
walled cylinder subjected to internal pressure {8 (ref. 2):

PD

o= ge (27)
or solving for the minimum thickness, t., :
- PD
Emin = 3o (28)

where o is the allowable stress level, P the internal total pres-
sure, and D the duct wall diameter. A minimum gage thickness of
0.127 cm is assumed for all ducts. The assumed materials are
titanium {o= 34.5 KN/cmz) below 644°K (1160°R) and stainless
gsteel (o= 48.3 KN/cmz) above 644°K (ll160°R). The material is
selected based on the total temperature of the duct airflow. The
weight is calculated as a function of the duct length (L), the
inner diameter (Di), the outer diameter (Do), and the calculated

wall thicknesses (t and t ):

min, i min,o

=pwL (Dot ) (29)

wduct min,0 + Ditmin,i

Duct Mach number is specified as an input, and corrected air-
flow is determined from the engine cycle data. The inner and
outer diameter are determined as a function of the required flow

area and the dimensions of the connecting upstream component.

Care should be taken to ascertain whether these assumptions
apply for specific engine configurations. For example, a thin-
walled cylinder subjected to an external collapsing pressure will
fail at a much lower pressure than it would if it werc subjected to
an internal bursting pressure, as assumed in the duct weight cal-
culation, if both ID and OD walls of the duct are exposed to
ambient pressure, the ID wall should be sized to avoid collapse,
such as determined experimentally by Stewart (ref. 2) for lap-
welded steel tubes:
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Prax 689.5 [1 \ﬁilsoO(D) }

or expressed in terms of minimum wall thicknesas

] T
D 1 -~ “max
tain ° 40 \/1 - ( Fa'é"T's‘) (31)

WATE~-S does not perform the above calculation to determine whether

collapsing pressure sizes the 1D wall.

Crossover ducts are required to join two centrifugal compres-
gors, and are calculated in a different manner. The crossover
duct diameter is assumed to be 1.6 times the exit tip radius of the
upstream centrifugal compressor. The duct length is assumed to be
20 percent of the diameter and the weight is estimated from the

following expression:

W = 2,283 Rt3 (32)

crossover duct
where Rt is the exit tip diameter of the upstream centrifugal com-

pressor.

3.1.7 Burners

The methods used for burners are based on a calculated volume
of materials, similar to the previously described methods for
ducts. However, wall liners, fuel manifolds, and fuel nozzle
weights are also calculated as shown in Figure 9. The method
described is used for primary burners, both axial and reverse-
flow, as well as duct heaters and afterburners.

The required inputs include;

o Burner residence time
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0 Through~flow velocity

0 Burner mean radius for axial primary burners and duct
heaters, and inner radius for reverse~-flow primary bur-
ners.

s
y
J
/

~— e |

Figure 9, Burner Schematic.

The differences in burner types and configuration are
reflected in the input values. When a primary burner is speci-
fied, a frame weight may be added. Primary burners and duct
heaters require a radius input, while the afterburner is assumed
to have no inner wall.

Burner flow area is determined from the input through flow
velocity, the mean radius, and the inlet-corrected airflow from
the engine cycle data. Burner length is found to give the speci-
fied residence time based on the input velocity and entry condi-
tions, Flow area is used to obtain the inner and outer dimensions
of the burner (R1 and Ro) from the specified mean radius. Inner
and outer case thicknesses are determined from Equation (28). The
assumed material is steelwith anallowable stress of 48.3 lm/cm2 . The
we'ght of the inner and outer case 18 determined from Equa-
tion (29) using the burner length L.
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Liner weight is deterwmined in a similar manner, assuming
0.140-cm thick ateel walls, located at 20 percent of passage
height from the inner and outer case. The burner dome, fuel mani-
fold, fuel nozzles, and other componenta are eatimated by the fol-
lowing equation developed by Boeing.

. 2 _ o 2
W 0.1508 (R,“ - R) (33)

dome

motal burner weight is the sum of the inner and outer caeses and
liners, burner dome and fuel nozzle system, and frame when speci-

fied.

3.1.8 Shafts

A shaft is assumed to be the power connection component
between compressors and turbines, oOr propellers/propfans and tur-
bines. Figure 10 illustrates the shaft geometry and nomenclature.

Ly —

‘\F } L
Al T‘/ﬂ-f

= 0.381-CM CLEARANCE

ENLARGED SECTION OF CONCENTRIC SHAFT
Figure 10. Shaft gchematic.
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Multiple concentgric shafts can also be specified, and will he
sized around the inner shaft with 0.38l1-cm radial clearance.
Dimensions of the inner shaft are determined to provide the neces-
sary torque capahility at the specified allowable stress. Total
shaft power is the summation of work for all turbines on the
shaft. Torque is calculated by:

5
10
T " ZhwW {34)

where w is the shaft rotational speed.

Shear stress due to the torque lcad is defined by (ref. 2)

e, |
T = 3 z-— (35) ’

or in terms of the input diameter ratio (Di/Do)

16T -3
()]

Solving for Dy in terms of allowable stress

_ 16T ] :
Do = '—'"_"—“""ﬁ;‘ﬁ‘ - {37) )
TT [1 - (51) i

The shaft weight is then found hy

T =

(36)

2
DO DO
W o= Lpr;r R 1~ B (38)
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A similar procedure is used for concentric shafta, The outer
shaft's {nner diameter is found by adding 0.762 cm to LY and
Bquation (37) ie solved by ilteration to msatisfy the dealred allow~
able atress.

While it is assumed in the shaft weight estimate that torque
determines the shaft dimensions, it should be recognized that
other design considerations may dictate shaft dimensions. Shaft
critical speeds or longitudinal stiffness may actually design the
gshaft, but this is a function of bearing arrangement, mount stiff-
neseg, location of and stiffness of rotating masses, The calcu-
lated shaft weight should be considered to be an absolute minimum,
and can possibly be much larger when these other criteria are con-
gidered. The rotational inertia of the shaft is not calculated,
gince it is a negligible quantity compared to the compresscrs and
turbines.

3.1.9 PFrames

A structural frame is normally required to span the engine
flow path from the outer engine case to the shaft, usually to sup-
port a bearing (as shown in Figure 11 for several typical
engines). Mechanical design of the frame would require a defini-
tion of all loads imposed on the frame under normal operating con-
ditions, transients, and adverse operating conditions, such as a
hard landing. This level of detail is normally not available at
the preliminary design stage for which WATE-8 has been developed.

Boeing had found, however. that the frame weight correlates
well with the total frame~projected area. This data is shown in
Figure 12 for five types of frames commonly used: single-bearing
frames with and without power takeoff (PTO), turbine exit, and
intermediate., Frame weight 18 determined from this data, based on
the local diameter and the type of frame specified.
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Figure 11. Frame Types.
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TIP AAGIVS 3, m?

Figure 12, Frame Weight,

3.1.10 Nozzles and Thrust Reversers

Unlike the rotating components, the loads and load paths of
nozzles (particularly variable area C-D nozzles) are not readily
defined on a general basis. A selected type of nozzle could be
subjected to a detailed weight-estimating procedure, however, the
trade-offs of internal and external performance with nozzle length
and diameter would also be necessary to optimize the design. This
type of data is not likely to be available at the level of develop-
ment for which WATE-~S is intended.

2 procedure has been developed that shows proper trends for
multiple-stream nozzles and for variable geometry and fixed-
geometry nozzles. Nozzle length is specified and should be
gelected to be representative for the type of nozzle. An effec-
tive surface area is calculated based on the diameter of the con-
necting component and the specified length. Only circular, coni-
cal nozzles are assumed, and coannular nozzles can he represented
by specifying a cizcular nozzle for each f£low path. Plug nozzles
can be represented by specifying a larger effective length; e.q.,
from nozzle entry to end of plug.
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Wall thickness is amsumed to bhe a 0,1626~0m composite of
titanium (¢,2€1l3~com) and atainless ateel (0.0813~om) below 644°K
(L160°R) a&nd 0,08)3-om stainlems ateel above 644°K (1160°R).
Variable nozzles are calculated in the same manner except that the
effective wall thickneas is 2.75 times that of the fixed nozzle.

A welght estimating method for thrust reversers previously
developed for aircraft preliminary design studies by Boeing was
based on the weight of 18 different thrus: reversers that are in
current use. It had been found in correlations of this data that

reverser weight (W) is a function of corrected mazs flow (E§@) and
nozzle pressure ratio (PR), and is dependent on whether the atream

is hot (primary) or cold (fan). The following relationship is
included in WATE-S:

. wJ/o _
W [Kl -!aﬁ + Kz] [R3 Pe * x4] (39)

Rl K2 K3 K4
Hot {(primary) 0.52631 } 191.87 | 1.0036 -0.5054

Cold (secondary) 2.2222 5.0348 | 0.23014 0.56091

The WATE-S method will apply the cold stream equation to a fan
stream whether or not it is heated by a duct bhurner. The hot

stream equation is used for turbine exit or mixed-flow exhaust
streams.

3.1.11 Mixers

A mixer is a mechanical device placed at the confluence of
two coannular streams to increase the mixing boundary so that
thermal mixing takes place in a minimum length, Figure )13 illus-

trates a typlical example of a m'xer. This type of mixer is known
as a daisy mixer or forced mixer.
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3
i
figure 13, Daisy or Forced Mixer ]
1
The required inputs include: 1
]
o Mixer specific length, L B —— .
8P Jan/n
o Number of lobes or passages, N
*)
s Engine core and bypass flow areas, All and AIO
Engine core and bypase annular flow areas are taken from the ‘
: engine cycle data, and the inlet radius (Ri) of the upstream com- ;
ponent 12 used as a starting point for locating R and R,s as8 ghown i
in Figure 14. Ri normally will be the hub radius of the final i
turbine stage. |
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Rm 1s based on core flow area (AXI)} and R1

A = (AIO + AII)/2 where AIO and AII are inputs
Lsp = L/Jﬁi7;_is an input, calculate L
N = is the number of lobes or passages input
wmix = 1,25 N (Ro-Rm) L Kl

'rrRiz
Wotug = |2™RiL *sT18°| Ko

Kl and K2 are products of material density and thicknessa:

K. = (0.127 cm) (0.00775 kg/cm3) = 0.00098 kg/cm? (steel)

1

2

K, = (0.0813 em) (0.00775 kg/cma) = 0,00063 kg/cm® (steel)

2

Figure 14, Mixer Schematic.

The mixer is assumed to consist of two components, the mech-
anical mixer section and the mixer core plug, both fabricated from
stainless steel with a denaity of 0,00775 kg/cma. The average flow
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area of the mixer is used with the input specific length to deter-
mine the length of the mechanical mixer section. The mechanical
mixer section is assumed to be constructed of 0.127-cm material
and the weight estimated from the following expresslion:

Weix ™ 1,25 N (R, - Rm) Lp (0.127) (40)

The mixer core plug is assumed to be constructed of 0.0813~cm
material and has a cylindrical section as well as a conical sec-
tion. The mixer plug weight is egtimated from the following
expression:

R 2

Wplug = 277R1L + .S-ﬁg' p(0.0813) (41)

The total mix-. weight is then:
W= Wiz + wplug (42)

3.1.12 Annulus Inverting valve (AIV)

This device has been used in some variable-cycle engines to
{nvert the annular position of two concentric flow paths. It
accomplishes the flow inversion within a constant diameter enve-
lope, and with constant-area duct passages. Figure 15 shows a
typical example of an AIV. This AIV was designed to vary the
bypasg ratio in a JT8D engine.

The AIV weight method assumes a constructon similar to that
shown in Figure 15, except that instead of sheet-metal, the mater-
jal is assumed to be a titanium honeycomb at 5.37 |~‘.g/m2 below
644°K (1160°R) and steel honeycomb at 9.13 kg/m? above 644°K
(1160°R) . 1If desired, different materials can he specified.
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Figure ].5. Typical Annulus Inverting Valve: JT8D J
Variable-Bypass Engine Test.
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An empirical relationship, asimilar to the mixer method, had
heen developed by Boeing for estimation of the AIV weight:

M =

Wagy " L

>=

[2#(Ri + 2, n°)+ 3.93R, + 1.25N(RO-R1)] (43)

where Ry is the hub radius of the upstream connecting component,
and Rm and R, are found to satisfy the input Mach number with the
inlet corrected airflow (see Figure 16). The number of passages
(N) is an input, and material weight per unit area (W/A) 1is
selected depending on the stream temperature. Length (L) of the
AIV is calculated from the input specific length, Lgpt

A TR TR e 2=

WIS, VTR TR T AT
Y

£

L = Lgy v 4A/n (44)

- L aus | 1
E— --R
: AQUTER e ol _ 0 OUTER CYL.
! ~ —
'[ . WALL
i ,>-\
3 #/ -~
] AINNER fomm e =™ —~ " INNER CYL.
; |

i e b i

(A +A )
Lgp = L/VARTT ~ INPUT A = °UTE“2 INNER

FROM MACH INPUT

AINNER AND Ag1gR ARE FOUND
L 1S DETERMINED

WTIC=2 R, L WTS|

WTOC=2 Ry L WTSO

e Mt

o TR TR T T

WTWALL = (Ky Ry +Kga N{Rg-R ) L WTSW
. WTSI, WTSO AND WTSW ARE MATERIAL WEIGHT PER UNIT AREA
’ Ay s JAme 2
Ky=3827 Ky=126
Figure 16, Annulus-Inverting Valve Schematic,
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Specific length is preferred as an input Lecause it is non-
dimensional, and it is a major variable that determines ALV pres-
sure loss. A relatively good compromise between gl ze and perform~
ance is achieved when N=8 and LSP-O.B to 1,0, which results in a
pressure loss between 2.5 and 1.5 percent.

If the A1V is of the switching type, where one half indexes
in a rotational direction relative to the other half to change
flow-path orientation, an actuator welight is estimated at 10 per-
cent of total AIV weight. Additional structure to support the
rotating nalf is not included and should be represented as an

additional frame.

3.1.13 Gearboxes and Transmigsions

A method of estimating the weight of various types of gear
systems has been previously developed by Schmidt {(ref. 3). This
method has proved applicable for es:imating the weight of turbofan
engine gearboxes, such as the one in the Garrett TFE73l. The
equation used for total gearbox welght is

Gearbox Wt = 15.5 . gmrpmyp ¢ (1+ * GR)> (45)
Py .
where GRURDH) defines the maximum torque transmitted

and GR = gear ratio (> l.)

The gearbox used in turboprop engines is weighed with a dif-

ferent method.

PW 0'8
Gearbox Wt = 471,86 (_mﬁrﬁﬁﬁ) (46)

3.1.14 Heat Exchangers

Both rotary and fixed heat exchanger weights can be esti-
mated. Methods previously developed produce adequate results for
preliminary design purposes, 8ee Figure 17.

44

!
|
1
:
i
]
‘!
4



ORICE L, e e o
Of FOGIt QUHLT]"\’,

ROTARY HEAT EXCHANGER

Figure 17. Heat Exchangers.

For rotary heat exchangers, a ceramic core is assumed.
Weights of this type of heat exchanger have been determined by the
Corning Glass Company (ref. 4) and are represented in Table I for
various levels of effectiveness and pressure loss. This data is
developed for a total corrected airflow of 90.7 kg/s. For other
sizes, these weights are scaled directly with corrected flow.

TABLE I. CERAMIC ROTARY REGENERATOR WEIGHT

90.7 kg/s corrected weight flow
BPR 3 7 10
AP/P (%) 5 10 5 10 5 10
weight (kg)
€ = 80% 305.7 245.8 |284.9 201.8 272.2 191.9
85% 440.4 342.0 }414.6 290.3 378.3 279.9
90% 735.7 538.9 |647.7 492.1 }595.6 450.9
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Fixed-tube heat exchangers are estimated by a heat~transfeyr
analysis (ref. 5) where the required tube surface area is found to
glive the specified effectiveness. Flow area of the tubes is found
from an input Mach number, number of tubes, and corrected flow,
An estimate of the preasure drops is made for the input number of
tubes based on input relative roughness values for each flow path.
The flow Reynolds number is calculated and the Moody d&iagram is
used to estimate the friction factor, and thus the pressure drop.
These calculated AP/P's can be used to ascertain whether the num-
ber of tubes selected is reasonable. Wall thickness of the tubes
is determined by Equation (28) to satisfy an assumed allowable
stress of 34.5 KN/cm2 and a density of 0.00465 Kg/cm below 644°K
(1160°R). A stress of 48.3 KN/um and a density of 0.00792 Kg/cm
is assumed above 644°K (1160°R). Minimum wall thickness of
0.0254~cm is used for the tubes. The length of the tubes is deter-
mined to satisfy the surface area requirements, Fixed-tube heat

exchanger tube weight (W is then found by

tubes)'

W = ptr (R - R, %) (47)

tubes

where Ro and R; are the tube radii and L is the total length
required. A wrap—up factor of 1.85 is used to account for the
weight of the casings, mounting hardware, manifolds, and other
equipment that may be necessary.

wtubes (48)

3.1.15 Propellers and Propfans

The following expressions for estimating the weight and diam-
eter of advanced technology propellers and propfans were derived
from methods developed by Hamilton Standard (ref. 6). It is noted
that these expressions are based upon a conventional blade of the
stated materials with a generally rectangular platform shape, and
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a standard flanged shank., 7The blade weight relations are for com-
mon propeller materialsa; compoaite and aluminum. I1f other
materials are desired, a density ratio can be used to eatimate the
welght. However, allowable working stresses and hlade stiffness
may vary and considerable judgement is required to account for
these effects.

The expression used in WATE~-S for double acting, advanced
technology propellers is

2 0.7 0.75 U 0.5
. D NY” AF t
Prop Wt = K [('3'76?5) ('4) (T(Tﬁ) ('3'1'.‘5?5)

0.12
(Mo + 1)0°3 (zg) ] (49)
D

T S v o

where X = 42.6 for composite materials
57.6 for aluminum

diameter (m) j
number of blades ]
AF = blade activity factor L
maximum shaft power (KWatt)

Mn = design cruise Mach number

= 100-percent design tip speed (m/8)

z v
non

o
=
n

The expression for propfans is

0.35 ' 0.75 U
Propfan Wt = [2.476 + 2.005 (Bg) D2'5 (%E«) (_Ef ;
D

0.65
N
0

The input quantities are tip speed, PW/Dz or D, the number of i
blades, activity factor, and design cruise Mach number. The cal- :
culation procedure determines the diameter if not input, then the ‘
propeller RPM is calculated from the tip speed,
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1
RPM = ——p (51)

and finally the propeller or propfan weight is calculated from the
above expressions,

3.1,16 Accessories

Accessory weight data was collected from twelve general avi-
ation aircraft manufacturers and was suppleme ted with Garrett
data for several engines. The data is presented in Table II and
includes 22 various turbofan, turboprop, and turboshaft engines
ranging in sea level static thrusts from 2.67 KN to 22.46 KN and
maximum shaft horsepowers from 0.373 mWatt to 1.163 mWatt.

A tremendous amount of scatter exists in the data, and hence,
separate correlations for each accessory were not possible. Bat-
tery weights varied and were generally the heaviest accessory.
For these reasons, the starter/generator, hydraulic pump, oil
pump, and fuel pump were lumped together and a single correlation
derived for these accessories (note that the battery is not
included).

Accs Wt = 18.2 + 0.02 (bare engine weight) (52)

If this calculation results in an accessory weight fraction less
than 10 percent of the bare engine weight, then 10 percent of the
bare engine weight is used for the accessories. The bare engine
weight where this break point occurs is 198.4 kg.

3,2 Other Program Functions and Capabilities

3.2.1 Flight Envelope Maximization

In the normal use of the WATE~-S program, a flight envelope of
engine cycle data will be generated. Since the weight of each

48
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component is affected by its maximum work, flow, temperature, and
speed; these maximum values are atored for use in the dimension
and weight caloulations., fThe flight condition is given in the
output data where the maximum condition occurs for each component.

3,2.2 Design Limits

As an aid to assist the user in achieving a reasonable engine
design, the output will provide a warning and suggested corrective
action to bring the engine design within reasonable 1imits. These
limits can be specified, or default values will be used if not
gpecified. Table III shows a list of warnings and corrective
actions,

3.2,3 Automatic Airflow Scaling

The WATE-S proyram will automatically scale the engine 20 per-
cent of the size that is defined by the thermodynamic input.
\Up to six selected scale factors can also be specified. A scaling

exponent (¢) is calcutlated for each scaled engine based on the
following expression:

W=wW a (53)

The scaling exponent (¢) for each engine size ia provided in the
output data.

3.2.4 Engine Center of Gravity

The center of gravity of each component, except the rotating
components, 1is assumed to be the midpoint of its length, The
moment relative to the front flange of the engine is determined as
a function of the position of each component.
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SETE T T - = =

Stress Exceeded

{(by rpm gcalar) or
{ncrease exit Mach
number

(¢
o

TABLE IIT, DESIGN LIMITS  OF POOR QUALITY
— — —
Default Value
Warning Mensage Action Recommended Tested Againsat
Blade Centrifugal | Reduce shaft apeed o o= 34.5 KN/cm2 psi HPT

. 41.4 KN/cm% pai LPT

m 55,2 KN/om® pai
fans and axial
compressors

h/t Too Large

Reduce hub/tip
ratio input

h/t

= 0.93 HPC exit

h/t Too Small

Increase hub/tip
ratio input

h/t

h/t

0.32 fan, LPC, HPC
inlet

= 0,50 HPT, LPT exit

Turbine Work
Too High

Add turbine stages
decrease Am input

A
A gpp, LPT

H = 139.6 KJ/kg

Stage PR Too
High

Reduce stage pres-
sure ratio input

Flow Velogity
Too High

Decrease stage
inlet Mach number
input

Blade Size Too
Small

Change overall
pressure ratio or
reduce h/t input

Compressor Work
Coefficient Too
High

Add compressor
stages or increase
hub/tip ratio

PR = 1.8 fan
PR = 1.65 HPC, LPC
Mn = 0,60 all
exit components
hB = 1.016 em all axial
compressors
¢ = 0.9 all axial

coOmpressors
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For rotating components, the weight of esach stage is asasamed
to act at mid-length of the atage. Moments are summed about the
front flange for each stage, The center of gravity of each rotat-~
ing component and the total engine is calculated. (G locationa
are shown in the ocutput data for the total ongine and each com-
ponent,

3.3 Program Validation

A verification of the accuracy of the WATE-S method can only
be done by applying it to various types of engines and comparing
the results with the actual measured engine weight and dimensions,
or with those estimated by the manufacturer for proposed engines.
8ince the manufacturer's estimate of proposed engines also
includes some error, the real deviation or error of the WATE-S
method can only be found by comparing engines that have been built
in production quantities,

In order to demonstrate the accuracy of WATE-S, the NASA Pro-
gram Manager and Garrett jointly selected four Garrett propulsion
engines for comparison. These included both production and pro-
posed engines. Results of this comparison are presented in
Figure 18. As can be seen, the predicted engine weight and over-
all dimensions of the selected engines are within the 10 percent
accuracy goal.
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WATE-S Program Results Compared to Garrett Weight Data,
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4.0 USBERS MANOAL

This section contains a description of the WATE~B input and
output data, values of typical inputs, aample cases, and program
structure definition, WATE~S is designed to function with a com-
ponent type thermodynamic engine cycle analysis program, The
thermodynamic engine design point may be used to generate the
WATE-S inputs, or additional off-design points can be used and the
maximum conditions of component work, flow, temperature, and pres-
sure are used to size the turbomachinery components. 1In order to
achieve the most accurate engine weight estimate, the off-design
cases should include the maximum performance levels required of
each component,

WATE-S will also accept input weight scalars for each com-
ponent so that components may be selectively eliminated,
increased, or decicased in weight to determine sensitivities, etc.
Input and output units may be either English or SI.

4.1 Input Description and Formatsg

The inputs of WALE-S are arranged in three NAMELIST groups:
$C for the configuration data, $T for the thermodynamic data, and
$W for the aeromechanical design data. The configuration data is
input only once per WATE-S execution, whereas the thermodynamic
and aeromechanical design inputs are grouped in pairs. Table IV
provides a summary of the input variables. Figure 19 illustrates
a typical card stacking arrangement to execute WATE-S. The
following sections discuss each of these NAMELIST groups in detail
and provide typical and default values where appropriate.
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P WET = 6,271,.149,3.149,3.101

NOSTAT = 13, NCOMP = 11,

TITLE CARD - CONFIGURATION INPUT

JOB/USER CONTROL CARDS

Figure 19. Deck Stacking.
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4.1.1 Confilguration Inputa

The engine configuration input is contained in the $C name-
1ist, It is preceded hy a title card deacribing the engine con-
figuration or any other description the user might desire. The
configuration inputs fully describe the component connectivity and
F define the flow stations throughout the engine. The following
L variables were originally supplied by NNEP (ref. 7) in WATE-2, but
P ‘ in WATE-S are required input.

?v "NCOMP" is an integer variable defining the total number of
3 components used in the WATE-S engine simulation.

: "NOSTAT" is an integer variable defining the total number of
? flow stations used for the thermodynamic simula-
k

tion of the engine.

"JTYPE" is a one-dimensional integer array containing the
i type of component.

% 1 Inlet '"INLT'
E 2 Duct 'DUCT'
: 3 Water Injection "WINJ'
: 4 Compressor 'coMP"
5 Turbine '"TURB'
6 Heat Exchanger 'HTEX'
7 Splitter 'SPLT'
8 Mixer 'MIXR'
9 Nozzle 'NO22'
10 Propeller 'PROP' (this component known as 'LOAD'
in NNEP)
11 Shaft 'SHFT'
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*"JCONF"

Location

ia a two~dimenaional integer array Adefining the
component connectivity using the flow atation
numbers., It is of the form JCONF(M,N) where M ia
the component number, and N is the variable number
as described below.

Deacription

ig the primary upstream airflow station number
for flow componentsy or the first conponent
hooked onto a shaft, or the shaft hooked onto
a propeller.

is the secondary upstream station number, or
the second component hooked onto a shaft,

is the primary downstream station number, or
the third component hooked onto a shaft.

is the secondary downstream station number, or
the fourth component hooked onto a shaft.

A default engine configuration has been included in WATE-S.
Figure 20 illustrates this engine; a two-spool turbofan with axial

single-stage

axi-centrifugal HP compressor (three-stage

axial), axial single-stage HP turbine, and axial two-stage LPT.
The default $C namelist data corresponding to this engine config-
uration are shown in Table V.
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ORIGIMAL PAGE 15
TABLE V. DEFAULT $C VALUES OF POOR QUALITY

NCOMP = 17, NOSTAT = 19

; JTYPE 1 2 3 4 .
1 1 1 0 6 2
2 4 9 0 3 0
3 2 3 0 4 0
4 9 4 0 5 0
; 3 4 6 0 7 0
f 6 2 7 0 8 0
7 q 8 0 9 10
8 2 9 0 11 0
9 4 11 0 12 13
| 10 2 12 0 14 0
| 1 5 14 13 15 0
12 2 15 0 16 0
| 13 5 16 10 17 0
' 14 2 17 0 18 0
15 9 18 0 19 0
16 11 5 13 0 0
17 11 7 9 11 0 '




4,1.2 Thermodynamic Tnput

The thermodynamic input is contained in the $T namallat., It
is preceded by a title card describing the engine heing weighed or
any other description the user might desire., The thermodynamic
input fully describe the properties for each flow station identi-
fled in the configuration input. Thegse properties include mass
flow rate, total pressure, total temperature, and fuel/air ratio.
These inputs are used as component upstream flow conditions. !

"WTE" is a one-dimensional array containing the physical
mass flow rate at each station (lbm/s) .

"TOPRES" iz a one-dimensional array containing the total i
pressure at each station (psi). '

"pOTEMP" is a one-dimensional array containing the total
temperature at each station (°R).

“FAR" is a one-dimensional array containing the fuel/air
ratio at each station.

In addition to the above, three additional arrays of data are
required, These arrays were originally filled by the NNEP code in
WATE-2, however, eince WATE-8 is not configured with an engine
cycle code, separate input variables were needed.

— mwaiadel 3 il o) o msanhr m FalCH

"PERPF" js a one-dimensional array containing twelve
values which describe general perfcrmance param-
eters for the engine.

i e T ekl e L Pt e e et

Location Description
L
1 {nlet total flow (lbm/s)
2 gross thrust (1bf)
3 fuel flow (lbm/hr)
4 net thrust ]
5 TSFC ;

6l



o D2

10
11
12

net thrust/inlet total flow
total inlet drag

total brake shaft power (hp)
installed thrust

inatalled TSFC

spillage and lip drag
boattall drag

This data is used for information purposes only, and hence, is
considered optional in WATE-S.

"DATINP"

"DATOUT"

62

is a two-dimensional array containing several mis-
cellaneous component properties. It is of the form
DATINP(N,M) where M is the component number, and N
is the variable number as described in Table VI,
The only required inputs in this array are the
shaft gear ratios. The remainder of the inputs are
optional. The bleed fractions will be calculated
from the "WTF" array input and the Mach number and
altitude are for information purposes only.

is a two-dimensional array containing several
other miscellaneous component properties, It is of
the form DATOUT(N,M) where M is the component
number, and N is the variablae number as described
in Table VII. The required inputs in this array
include the turbine rpm, if the turbine is not con-
nected to a compressor (free-turbine turboprop and
turboshaft engines), splitter bypass ratio, and
mixer primary and secondary flow areas, The
remainder of the array is calculated from the
"WTF", "TOPRES", TOTEMP", and "FAR" arrays, if not
input.
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4.1.3 Aeromechanjical Input

o The aeromechanical input is contained in the $W namelist.

These variables control the aerodynamic and mechanical sizing of
the components. The following sections describe the aero-

% mechanical input and give the default values where applicable,

E 4.1.3.1 Miscellaneous Variables

"ACCARM" is a variable that contains the value of the cen-
troid distance for the accessories component in the CG calcula-
tions, If no value is input, accessories are not included in
- center-of-gravity calculations.

"DISKWI" is a variable that is used as an indicator for the
axial compressor disk weight method. (Default = 1,)

| 0 - Do disk weight calculations using the Boeing WATE-2
: method.

| 1 - Do disk weight calculations using the Garrett
: WATE-~-S method,

"ACCS" is a one-dimensional array containing three values
}‘ which control the accessory weight calculations, (Default = 40.,
) 0.02, 0.10)

ACCS (1) = Fixed accessory weight (lbm)

ACCS(2) = Accessory weight fraction of bare engine
weight

ACCS({3) = Minimum total accessory weight fraction
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"ISCALE" is a one~dimensional integer array containing three
valuas whioh control the engine mcaling logic of the pProgram,

(Default = 1, 3, 1)

ISCALE (1) Output indicator for ascaled
Unscaled engine output set by "IOUTCD",

0 =~ Bhort form engine weight, length, and maximum
radius,
l - Long form component weights and dimensions.

2 - Debug option.
ISCALE (2) Number of scaling points.,

ISCALE(3) Not used.

"SCALE" is a one-dimensional array containing six values.
The values correspond to the engine scaling factors desired. The
number of "SCALEY values must be equal to the value of ISCALE(2).
First value must always equal 1. (Default = 1, 0.8, 1.2, 3*0,)

"IWT" is a integer variable to control the execution of the
component weight calculations, (Default = 1)

0 - Do not do weight calculations.

Do weight calculations without the thermodynamic
parameter maximization feature of the WATE-S code.

This is used for design point paramteric weight
analysis.

Do weight calculations using maximum thermodynamic
parameter maximization feature,

66
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" I PLIII n
plot option

T -
F -

“ISII“

T - SI units input
F - English units input ‘
"ISIO" is a logical variable to specify the units of the 4

output of the weight calculations, (Default = F)

T -
F -

"TOUTCD" is an integer variable to control the amount of
output generated by the component and engine weight calculations. i

is
of

is a logical variable to specify the unites of the $W
namelist variables. (Default = F)

(Default = 2)

po weight caleulation with airflow scaling without
the thermodynamic parameter maximization feature.

Do walght calculation with airflow scaling using
the thermodynamic paraneter maximization feature.

a logical variable to control the gas path printer
WATE~S. (Default = T)

Gas path layout
No gas path layout

SI units output
English units

Short form engine weight, length, and maximum i
radius. ' 1

Long for.. component weights and dimensions,

Debug option.
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4.1.3.2 Length Contributing Vector

"ILENG" is a one-dimensional integer array apacifying only
those components which contribute to the total additive engine
length, The component numbers are specified in the order that the
components would add in length to achleve the total engine length,
This must start with the inlet and end with the furthest down-
8tream nozzle. The default "ILENG” values for the default engine
configuration illustrated in Pigure 20 are:

ILENG = lp 5, 6' 7. 8, 9' 11' 12, 13, 14; 15'
The default "ILENG" input does not include the bypass flow compo-

nents (COMP 2, DUCT 3, NOZ 4), reverse~flow burner (DUCT 10), or

shafts (SHFT 16, SHFT 17) since these components do not contribute
to the total engine length,

4.1.3.3 Mechanical Design Indicators

"IWMEC" is a two-dimensional integer array containing the
mechanical design indicators. 1It is of the form IWMEC(N,M), where
M is the component number, and N is the wvariable number as
described in the following sections for each component type. The
mechanical design indicators must be specified for each component.
Table VIII illustrates the default "IWMEC" values, which are
representative of the default engine (see Figure 20).
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TARLE VIII.

TWMRC DEFAULT VALUES (Sce FPigure 20),

Component: on

Number 1 2 k! 4 5 6 1
1 "INLT! 0 0 0 ¢ 0 0

2 'FO! 1 0 0 5 0 1l

3 ‘pucT! 2 0 0 0 0 0
4 *NOZ ! 1 0 0 0 0 0
5 'FI1' 1 0 1 2 0 1

6 '‘DucCT! 2 0 0 0 0 0

7 'LPC! 1 0 0 0 0 3

8 ‘pucr! 2 0 0 0 ¢ 0

9 'HPC! 2 0 0 0 0 1
10 'PBUR' 1 0 0 0 0 0
11 VHPT' 0 9 9 1 0 0
12 ‘pucT!’ 2 0 0 0 0 0
13 'LPT' 5 5 0 2 0 0
14 'DUCT' 2 0 0 0 0 0
15 'NOZ" 1 0 0 0 0 0
16 'SHAF! 1 0 0 0 0 0
17 'SHAF' 2 0 0 ¢ 0 0

ORIGINAL PAGE
2 !9
OF POOR QuALITY

69




4.1.3.3.1 Compragsors

1
()
(2)

(3)

(4)

(5)

(6)
(7)

70

Description
Type of compressor being weighed

'FAN' - Typical fan

'FO! - Quter portion of nonrotating split-
ter fan

‘P! - Inner portion of nonrotating split-
ter fan

'*RSFO! - Quter portion of rotating splitter
fan

'RSFI' - Inner portion of rotating splitter
fan

'LPC' - Low-pressure compressor

'HPC! - High-pressure compressor

This indicates if the compressor has satators or if
the compressor is a centrifugal compressor.

0 - Stator weight is not calculated
1 - Stator weight is calculated
2 - Centrifugal compressor

This is the indicator for 'front' frames in com-
pressors, This input may be:

0 - No frame

1 - Single bearing frame without Power
Takeoff (PTO)

2 - Single bearing frame with PTO

4 - Two bearing frame, such as the frame

in front of the HPC in the JT8D vr
JT9D, which extends outward to the
fan outer case and holds two bearings
with PTO




[ ATT—

Location Degeription

4 This {8 the indicator for the 'rear' frame in a
cCompressor
0 -~ No frame
1 - 8ingle bearing frame without Power
Takeoff (PTO)
2 - 8ingle bearing frame with PTO
4 - Two bearing frame, such as the frame

in front of the HPC in the JT8D or
JT9D, which extends outward to the
fan outer case and holds two bearings
with PTO

5 This is the component number connecting to this
component for split flow compressors only. If
this is the Fan Outer, the Fan Inner must be
specified. If this 1is the Rotating Splitter
Outer, the Inner Splitter must be specified, and
vice versa. If (~), a dummy compressor is
assumed.,

o TR TR N v - T TR IR T W WINPT e e T A
K
i

TR
[~}

Gearbox indicator. Input is component number of shaft, !
0 for no gearbox. d

-

E 7 Number of stages; if 0, will calculate number of stages i
: assuming equal work based on the maximum first-stage
3 pressure ratio input (DESVAL(2,M)].

‘
: 4.1.3.3.2 Turbines é
é Location Description !
E 1 This is the type of turbine g
§ (8) 'HPT' - High-pressure turbine ?
: (9) 'LPT! - Low-pressure turbine é
2 Indicator for turbine exit frame :
0 - No frame |

3 - Single bearing turbine exit frame

for large engines

5 - Small turbline exit frame
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Location

3

2

Description

Compressor number from which the rpm is deter-
minedy; if 0, PATOUT(2,M) is used for turbine rpm
(axial turbines only).

Component number from which the mean radius limit
for the turhine is determined. If the component
number is positive, the outlet outer dimension is
uged., If negative, tha inlet outer dimenasion is
used. If O, it will use the outlet of the feeding
component.

Number of stages; if 0, will calculate number of
stages assuming equal work based on turbine mean
radius limit and mean work coefficient.

Indicator for axial or radial turbine

0 - Axial turbine
2 - Radial turbine
Not used.

4.1.3.3.3 Burners

Location

1

3-7

72

(10)
(11)

(12}

Description

This is the type of burner being weighed

'PBUR' = Primary burner

'DBUR' - Duct burner (a mean radius is speci-
fied)

'AUG = Augmentor (no inner wall)

This is the indicator for frame weight, normally
only for primary burners., This frame includes a
bearing.

0 - No frame
1l - Frame
Not used.




4.1.3.3.,4 Ducts

Location Descripticon
1 (20) ‘pucT?
2 Indicator ag to type of duct
1 - Dummy - i.e., no weight or length
2 - Length input
3 - Length derived as in a duct connect-
ing a splitter and a mixer
4 - Crossover duct for centrifugal com-
pressors
3-7 Not used.

4.1.3.3.5 Shafts

Location Description
1 (13) ‘'SHAF'
2 Shaft number from inner to outer.
3-7 Not used.

4.1.3.3.6 Mixers

Location Description
1 Type of mixer
(14) ‘'MIx! - The coannular emergence of two
streams without mechanical mixer
(15) ‘'FMIX' - Forced mixer, mechanical, i.e., Daisy
lobed mixer
2 Indicator for primary input node
0 Engine core is inner (primary)
1l Engine core is outer (secondary)
3~7 Not used.
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4.1.3.3.7 Nozzles

Location Description
1 (16) 'NOZ!
2 Nozzle type
1 - Convergent
2 =~ C=-D variable area
3 Component number from which the nozzle inlet diam-
eter can be determined. If this diameter is taken
from the inlet of the component, a (-) component
number must be entered. 1If (+) , the exit station
will be used. If the previous component deter-
mines the diameter, this location may be zero.
4 Thrust reverser type
0 - None
1 - Fan
2 - Primary
5-7 Not used.
4.1.3.3.8 Heat Exchangers
Location Description
1 (19) 'HTEX'
2 Heat exchanger type
1 - Fixed tube
2 - Rotary
3 Flow Direction
1 - Parallel flow
2 - Counter flow
4-7 Not used.
74
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4.1.3.3.9 Splitters

Location Description
1 {(17) ‘'spL1'
2 0 ~ Inner stream is primary
1 - Inner stream is not primary
3-7 Not us2d.
4.1.3.3,10 Annulus Inverting Valve
Location Description
1 (18) 'VALV!
2 Location of Vvalve
1 - Inner
2 - Outer
3 Component number of opposite duct
4 0 if fixed, 1 if movable
5=7 Not used.

4.1.3,3.11 Propellers and Propfans

3-7 Not used.

acting,

acting,

Location Description
1 (21) 'PROP!
2 Propeller type
0 - Hamilton Standard double
advanced technology aluminum propel-
ler.
1 - Hamilton Standard double
advanced technology composite propel-
ler.
2 - Hamilton Standard propfan,

75
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4.1.3.4 peromechanical Design Variables

"DESVAL" is a two~dimensional array containing the aero-~
dynamic and mechanical design inputs. It is of the form
DESVAL{(N,M), where M i8 the component number, and N is the vari-
able number as described in the following sections for each com-
ponent type., The default values are stored in 4 separate array
(DEFAUL) which cannot be altered by program WATE-S input. A sum-
mary of these arrays is contained in Table IX. The default values
of the "DEFAUL" array are illustrated in Table X. The "DEFAUL"
array values are used when the "DESVAL" input is not specified for

2 given component. Table XI contains typical rangea of the
"DESVAL" input variables for each component type,
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4.1.3.4.1 Compressor

Arpay
Location
1
2

4 Axial:

Centri~-
fugal:
5%

6*

10
11*

12 Axial:

Centri-
fugal:

Deacription
Compressoy inlet Mach number.

Maximum first-stage pressure ratio, required
1f IWMEC(7,M) equals 0.

Compressor inlet hub/tip ratio.

Blade tip solidity, ratio of blade tip chord and
blade spacing.

Mumber of blades. If (~), splitter weight is
calculated.

Blade aspect ratlo of firat stage.

Blade aspect ratio of last stage.

Compressor exit Mach number.

Maximum compressor inlet temperature. 2ZERO if
design point temperature is to be used for
material selection. °R (°K)

Maximum compressor outlet temperature. ZERO
if desired point temperature is to be used for
material selection. °R (°K)

Maximum speed ratio - RPMmax/RPMdes'

Blade material density. 3 ZERO i{f WATE-S is to
select material. 1lbm/in” (Kg/cm”)

Compressor design type
1. Constant hub radius design,
2. Constant mean radius design.

3. Constant tip radius design.

H“binlet/tipexit radius ratio.

*Not used for centrifugal compressors.
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Logation

13

14n

15

16%
17+

Description

RPM Bcaler, normal input is 1, - use to match
known rpm or modify tip speed correlations,

Temperature at which a change of material is
required. °R (°K)

Compressor weight scalar, input 2ERO if no y
scaling is desired. i

Blade taper ratio.

Blade volume factor.

FRRV SN

*Not used for centrifugal compressors.
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4.1.3.4.2 Turbines

Location Dr.acription
1 Turbine inlet Mach number, ;
2 Axial: First-stage mean work coefficient - A ™ ggﬂﬁfn
U
m

Radial: Radial turbine work coefficient - e -ﬂgJAH/N

U

t
é 3. Axial: Blade tip solidity, blade tip chord/blade ' )
; spacing. !
E Radial: Number of blades. 1If (-), splitter welght is | :
1 calculated. E
kl 4r Blade aspect ratio of first stage. l

S» Blade aspect ratio of last stage,

6 Turbine exit Mach number.

7 Disk reference wctress - (.2-percent vyield,

lbf/in2 (Newton/cm2).
: g Turbine design type
‘ 1. Constant tip radius design.

2, Constant mean radius design.

3. Constant hub radius design. .
i
9 Maximum speed ratio - RpMmax/RPMdesign' !
3 10+ Turbine control radius, inch (ecm) = blank if
E transferred from a component. This overrides
A IWMEC input if nonzero.

tNot used for radial turbines.

82

. e T e R ot g ——- i P ST r.A.JJ
. " e tam =




T

AN X S T v R T

e 2T

Aa=

;
v
"
u.
4
;
v
'

t
.

Ay e s Pl - e AR T ¥ T RS TR TR e T e

Logation

1l

12+
13~14
15

l6*
17+

Description

Densitg of material in turbine blades, lbm/in3
(Kg/cm?)

Rlade volume factor,

Not used,

Turbine weight scalar. Input %ERO, if no scal-
ing is desired.

Turbine blade taper ratio.

Stator blade volume factor.

"Not used for radial turbines,

4.1.3.4.3

Location

1
2
3

6-14
15

16-17

Burners

Description

Burner through-flow velocity, ft/s (m/s).
Burner airflow residency time, s.

Burner mean diameter, inch (cm). If zero, diameter

is calculated to match a connecting component (see

below).

Component number for calculating burner reference

Giameter, if other than upstream component. Not used
vhen diameter is specified. If greater than zero,
connecting component mean diameter is used for burner

mean diameter. 1If less than zero, connecting com-

ponent outer diameter is used for burner inner diam-
eter (reverse-flow burners).

Number of cans for can burners,
Not used.

Burner weight scalar. Enter 2ERO, if no scaling in
desired.

Not used.
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4.1.3.4.4 Duote

Logation Description
- 1 Duct inlet Mach number.
2 Length to height ratio of duct, required if

IWMEC (2,M) equals 2.

3 Duct mean diameter, inch (ecm). 1If 0, duct diameter i
is calculated to match a connecting component.

4 Component number for calculating mean duct diameter, 1
Not used when mean duct diameter is specified, ' :
Enter -1, if upstream connecting component is to be

used, ;
5-14 Not used. : |
15 Weigh. scalar. 2ERO, if no scaling is desired. *
16-17 Not used.

4.1.3.4.5 gShafts

Location Description
1l Shaft allowable stress, 1bf/in2 (Newton/cmz).
2 Shaft material density, lbm/in3 (Kg/cm3). 1
3 g&::itzﬁa;:;{o of shaft, Dinner/Douter' not used for |
4-14 Not used. %
15 Shaft weight scalar. 2ERO if no scaling desired. )
16-17 Not used. J
- |
— i
|
_ |
i
84

) ‘ L A e empee———— tvo———— ......,_.....J




L}

Ty T T LR M et T s

.
b
:
F
|

4.1.3.4.6 Mixers

Location Description

1 Effective ngth-to~diameter ratio of mechanical
mixer, L/A/A/m, where L {8 the mixer length inlet to
exit, A is the total flow area. Enter 0, Lf not a
mechanical (forced) mixer.

2 Number of passages (or lobes) in mixer.

3~-14 Not used.

15 Weight scalar. Enter 2ERO, if no scaling desired.

16-17 Not used.,

4.,1.3.4,.7 Nozzles

Location Degcription
1 Length to diameter ratio of nozzle.
2 Bypass ratlo for mixed flow nozzle for thrust
reverser weight.
3-14 Not used.
15 Weight scalar. Zero, if no scaling desired.
16-17 Not used.

4,1.3.4.8 Heat Exchanger$s

Location Description
1 Number of tubes if "Fixed" type.
2 Mach number in primary stream (cold side).
3 Mach number in secondary stream (hot side).
4§ Engine bypass ratio if "Rotary" type.
5 E/D for primary stream if "Fixed" type.
6 E/D for secondary stream if "Fixed" type.
7-14 Not used.
15 Weight scalar. Zero if no scaling desired.
16-17 Not used.
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4.1.3.4.9 §E_11Q§g£§

o g

4,1.3.4.10 Annulus Inverting Valve

E; Location Description

|

., 1 Only input Lf first calculated component 4in flow ;
| path., Inlet Mach number.

1 4
E 2 Inlet hub/tip radius ratio,

; 3-14 Not used.

; 15 Weight scalar. Z2ERO, if no scaling desired.

‘ 16-17 Not used.

3

[

;

i,

i Location Description

i 1 Specific length - ratio of length to effective diam-
; eter of the AIV, LA/4A/7

? 2 Number of passages,

i 3 Mach number of inner passage,

? 4 Mach number of ocuter passage.

i 5 Hub radius in inches (cm); or component number from

which hub radius is taken; or blank, if feeding com-
ponent determines the hub radius.

6 Inner cylinder weight - 1b/ft2, (Kg/m2) .
i 7 Quter c¢ylinder weight - 1b/ft2, (Kg/m2), .
8 Wwall weight - lb/ft2, (Kg/m2).
9-14 Not used.
} 15 Weight scalar. 2ERO, if no scaling desired,
16-17 Not used.
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4.1.3.4.11 Propellers and Propfans

Location Description
1 pDesign cruise Mach number of aircraft.
2 Number of blades,
3 Activity factor.
4 Tip speed - ft/s (m/s).
5 Ratio of propiller shaft power to diameter squared -
hp/ft2, (KW/m®).

6-14 Not used.

15 Weight scalar, Zero, if no scaling desired.

16-17 Not used.

4.1.3.5 Design Limits

*DESLIM® is a one-dimensional array containing the design
limits for WATE-S. Table XII describes the design limits and the
default values currently in the code. These can be changed as
desired through the namelist $W input. I1f these limits are
exceeded, the component weight and dimension calculations continue
and a warning message is printed out.

4.2 Program OQutput

The output of WATE-S is contained in three gections, coincid-
ing with the input: configuration, thermodynamic, and aeromechani-
cal. The configuration output contains the $C namelist inputs and
a simple configuration layout. The thermodynamic output contains
the ST namelist inputs.

The acromechanical output may be selected in either English
or ST units. The units used are presented in Table XIII. The type
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TABLE XIIT.

OUTPUT UNITS.

VARIABLE 81 UNITS ENGLISH UNITS

Velocity m/8 ft/s8 5
Temperature °K °R ‘
Pressure N/m2 lbf/ft2

Area m2 ft2

Stress N/cm2 lbf/1n2

Density Kg/cm3 1bm/in3

Weight Kg lbm

Length om in

Enthalpy Joule/Kg Btu/lbm

Power KWatt hp

Weight flow Kg/s lbm/s

Weight flow/unit area Kg/mzs lbm/ftzs

Radius om in
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of units in use are noted in the units sectlion of the aero-
mechanical output. The level of output is controlled by the $W
namelist integer variable "IOUTCD" and has three output options.
Examples of these output formats are shown in Section 4.3, Sample
Cases for two different engines.

A flow path printer plot is also available when $W namelist
logical variable "IPLT" is true. This plot is automatically
scaled to fit on one page of output. Examples of this »ption are
also contained in Section 4.3, Sample Cases.

4.3 Sample Cases

Two sample cases are included herein to 1illustrate the
execution and output of WATE-S. The first is a single-spool
turboprop and the second a low bypass-ratio mixed-flow turbofan,

4.3.1 mTurboprop Engine

Figure 21 jllustrates the configuration selected for the
sample turboprop test case. The engine has a single spool con~
sisting of a two-stage centrifugal compressor and three-stage
axial turbine. A reverse-flow burner and gearbox are also
included.

Figure 22 illustrates the WATE-S input necessary to estimate
the weight and dimensions of this engine. The firsc title card is
followed by the configuration input contained in the $C namelist.
This engine has 11 components and 11l thermodynamic flow stations,
thus "NCOMP" and "NOSTAT" are set to 1l. The component types are
defined by the "JTYPE" array and the component connectivity 1is
specified by the "JCONF" array.
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ORIGINAL PAGE, k)
OF POOR QUA! 1wy

:Ea.a TURBOPROP ENGINE SAMPLE CASE
NAOMPe11aNOSTATRLL»JTYPERLs240204920502)9510,11510%0,
JRONR(L1s10m252930455909829510511039»10%0,
JCONF(102)90%0,753%0»5,10%0,
JCONF{10305253049%06908092105119057»10%0»

JCONRCL1s4)ad®0, 751640,

$END

403.1 TURBOPRNP ENGINE SAMPLE CASE

$T

WTFuS"7,850207¢265439025T7.4152,3%7.7213»
TOPRES'S*IQ.&96.59.452:59.155:2*155.@077.143-702993‘14.696!
TUTEHP-!*SIB.&BG.2‘82&-0:2*1135-259.2463-791557-319.2*15#1.5060
FARnT#0,540214»3%,020%»

PERPF({210558e19p4%04»1000.»

SENY

11|

TLENGS10203540 59 T2809,10%0,

THMEC (1) 209200 29 540

IMMEC(1»3)n0s2p1s 3%0s )

IAMEC({ 19 4)u200 %9 5%0»

INMEC(2s59=Tp254%0s1y

IWNMEC(196)220s195%0,

TUMEC(157) 2895252093500

INMEC(1sBY=n20p 2, %3%0y

IWMEC{L1r9)=16s1s 50y

T4MEC(1y10) =2l 670,

IWMECC(Ly11) 013519540y

DESVAL(L»3) 24954 0356’17002.0011303' 2‘0.!1-!00!0258'100150
DESVAL(L»5)2e30050re301» 156902%042020852%0621¢9042¢31854969»
DESVALCL»6) 95042 « 012,154

: DESVAL(Lp7) el 960152392005 10202¢2042%591250000030010»

4 DESVAL(L,10)9¢55445130:9600e51800 ¥
i $END i
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Figure 22, WATE-S Turboprop Sample Case Input.
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Following the second title card, the thermodynamic input is
specified in the $T namelist. The mass flow rate, total pressure
and temperatura, and fuel/air ratio are defined for each flow
station. Note that the flow stations represent upstream component
conditions. The fuel flow and brake shaft horsepower are entered
in the "PERPF" array but this data is for informative purposes
only and is not used by the WATE~S8 code.

The aeromechanical input is next, contained in the $W name-
list. Default values are used for all but the "ILENG", "IWMEC",
and "DESVAL" arrays. Basically, the default values set both the
input and output unites to English, turn on the weight estimation
code and printer plot option, and provide a complete debug print-
out. The length contributing vector "ILENG" does not contain DUCT
6, PROP 10, and SHFT 11 since these components do not contribute
to the total engine length.

The "IWMEC" values follow the "ILENG" array. The inlet, com-
ponent 1, is not entered since inlet calculations are not per-
formed in WATE~S. Compenents 3 and 5 are specified as one-stage
centrifugal compressors with a front frame associated with com-
pressor 3. Component 4 is a crossover duct, IWMEC(2,4)=4 and com-
ponent 6 is a burner, The HP turbine, component 7, derives its
cpm from compressor 5, IWMEC(3,7) = 5; and is a three-stage axial
turbine, IWMEC(5,7) = 3 and IWMEC(6,7) = 0. The propeller type is
a Hamilton Standard double acting, advanced technclogy aluminum
propeller, IWMEC(2,10) = 0.

The "DESVAL" values follow the "IWMEC" inputs. "DEFAUL" val-
ues are used for all but the compressors, burner, turbine, and
propeller. Compressor 3 has an inlet Mach number of 0.49, inlet
hub/tip radius ratio of 0,356, and exit Mach number of 0.303. The
number of blades ig 17 and no splitters are used. DESVAL(4,3) =
17. The design point pressure-ratio tip~speed correlation is
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heing modified 1.6 percent to mateh a known COMPELesAnr LpPm.
PECVAL(13,3) = 1,006, Purner 6 has an airflow valoaity of 50,

ti./8, residency time of 0,012 seconds, and a mean diameter of 15,0
ineh,

Turbine 7 has an inlet Mach number of 0.196, a mean work coef-
ficlent of 1.523, and an exit Mach number of 0,25. The tip msolia-
ity is 1.0 and the aspect ratios of the first and last stages are
1.2 and 2.2, respectively. A constant hub radius design is speci-
fied, DESVAL(8,7) = 3, The disk material iz a high strength
supernlloy with a reference stress of 125,000 pei.

The design cruise Mach number of propeller 10 is 0.5 and the
propelier has 4 blades. The activity factor is 130. and the tip

speed 1is 600. ft/s. The propeller loading ia 18. hp/ftz,
DESVAL(5,10) = 18,

Figure 23 illustrates the complete Adebug output for the tur-
boprop sample case. 'This inciudes the configuracion, _herpsdy=
namic, aeromechanical, and printer plot sectionc. Figures 2. ard
25 illustrate the long and short form outputs of the asero axhar-
ical calculations of WATE-F,
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; ORIGINAL PACE 19
3 OF POCR QUALITY

\1

NCAMPRL Ly NOSTATRLL ) JTYPERL9204020422050259210011,10%0,
j JCINFULod)mLo202040%96580991001123,10%0,
' JCONF(L1s2)mb%0,7)3%C25,10%00
A JCUINFCL) ) w29354p50606299100110007,1040,
| JCINFLY 4 man0, T 1690,

np—a e e s rep

4»3¢1 TURADPROP ENGINE SAMPLE CASE

P - r—

CONFIGURATION DATA 11 STATIONS ~ 11 COMPONENTS

- COIMPONENT  NKIND COMPONENT.....— UPSTREAN .. - DOWNSTREAM
NUMBER TYPE - STATIONS STATIONS

1 INLET il o

2 DUCT 8 2

4 COMPRESR 3

——r e DAL

COMPRESR 5
DUCT & 6
-8
9

i
H
3
3
]

Ncobooo

4
2

5 .. TURBINE
2 DUCT 8
9
0
1

NOZZ7LE 10
e PROP e QY
SHAFT -3

= -
NOHOOTOMLIWN

(SR ‘
HODWNCMPWN W

wboo

|
i
[
=
ol
Wi & W oo e

i
e e i

- -—=DULT — b
8
TUrRE 7
. - B
DUCT 8
10
NOZ2Z .9
11

o~
ol
c
~
s
i
-4

!
|

SYAFT (11) TS CONNECTED TO COMP( 3) AND COMPC 5) AND TURB{ 7} AND

Figure 23. WATE-~S Turboprop Sample Case Debug Output.
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ORIGINAL, PAG: 15
OF POOR QUALITY

W

TLENG=1525304955750,9510%0)
IWMEC(1,20020,2,»5%0)

IWMECLL123)m 692010 3%0ply o cmmri e i
IWMEC(Lra)=202455%0)

IWNEC(155)37,204%051>» ;
~JUMEC{1s61210919500y = em———— s ]
TWMEC (1570285595905 350500 '
IWMFEC(122)220,225%0,

INMECT L9 BT BaLpSMOp oo oo o emimins cvimie s

INMEC(1510)221,6%0»

INMEC({1o11)21351»5%0»
DESVAL(L03)2469,549¢35601749260+3+30352%0¢91090094258914016»

DESVALULr5)9e3095020561915092%0e2¢20952%00s100000031824969
DESVAL{196)=504s40125154» ‘
DESVALEL1»7) 2019690 16523510091020202092591250000030010> ]
DESVAL(1010)12:59442130+960Q0a2180» ;
$END

TTETRG S L TR A R T T VRS T TR T T T T T T o AR e

T AT T T N A AT

t'igure 23, WATE-S Turboprop Sample Case Debug OQutput (Contd).
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‘ 8
ORIGINAL PAGE |
OF POOR QUALITY

CASE INENTIFICATIIN 4¢3ed TURADPROP ENGINE SAMPLE CASE

| TYIIIILILIILIL
[~ ’ "
e oyer 2 e
" .

T LITTILE Y

MAX CONOITIONS QCCUR AT
BEAARERSAER A RN QAR RRONY

ALT uN
PTAY Qe 04000
TTOT 0, 0,000

WEARRAARARAR RO RA N RERA N
RYys 0e00 RY 3436 LENG® 3,306
AREA» 1246 RHDa o168

CAS NT INC WT WTaT

+ 50 000 + 60
ARAURRREERNERR
* .

* CENC 2 =
. .
TP I TT LY

T A e T R T W O T R T N A T ey

MAX CONDITIANS OCCUR AT
AEERRERRNNR A RAR LR R ARRRRRCRE AR RRENRAR IR NS

ALT MN VALUE
pTAT 04 G000 14,7 LB/SQIN
7T 0. 0.000 519.7 DEG R
CHIN 0 0.000 T.7 LBISEC
T TTRT TR TAR LA R R L AL IS SRR LI Ll DL

‘ oneT
: M N3 VEL T TOT f 107 P STAT AREA GAM
90 Stk 519, 2116, 1796, w210 1,401

RORE RADTUS LIMIT

STAGE 1
‘ WO ISK waLD WSHRD WDIRF cL RHO .
: 5.1 -] le7 el 3,06 134
: SPR RPN RTIP NB utTIPg OSTR BSTR WEIGHT STAGE I
1 4a005 w1728 4e39 17 1322.7 222613, 4817%, 5e7 29.9%
: FQAME WT = S5ei04

N ST5 MEIGHT LENGTH CENGRA INERTIA
t 17.12 4,72 2.48 2945

nesT
M NQ VEL T TOT P TOT P OSTAY AREA GAM
2303 422, 08274 A5G1. 4036, +098 1,391

BLioci gg i = Citwiaiie

- PR oD EF PO D] 4P ]
E he N85 48210 3961. N2t 895,
91 41 Wi twl

Eieieat: 2

123496 198.3% 7,653 Teb5

{ srapprannanansnsnen TOTAL COMP WEIGHT 1S 17«1

Figure 23. WATE-S Turboprop Sample Case Debuy Output (Contd).
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co T T AR T A L TR R T e

craseenserniy ORICINAYL P/ i
v oot 4 e OF POOR GALITY
[ ]

f eevnenanesaz

MAX CONDITINNS OCCUR AT
CHEBEERRNERANRRAOORIEES

-~

ALT My
PTIT O 3+000
TIT O 0.:000

LI TITIY TR LA AT L LY
*PeCRNSSAVER DUCTe#e
LENGTH® 2,978 WEIGHTs 6.l

I TTEASELLEL LY
'] ]

* CENC 3 ¢
. .

P ITTTTTIL Y

STV MW T TR T e Ty e Ity ety

MAX CONOITIONS OCCUR AT
e T T LY TR TR L LD L L L Ll Ll

ALT LI VALUE
PTOT O 0.000 59,2 LA/SAIN
Tt Qs 0000 82648 DEG R
CWIN O 0.G30 2.4 LB/SEC
‘*“*‘.**Q*'#‘l.‘"“"‘**“‘*“"*'**"

oucT
M NI VEL T TDT P TOT P STAT AREA GAN

«300 418, 827 8518, 8006 +099 1.391

seese RECALCULATE UPSTREAM DUCT CONDITIONS» SPECIFIED RPN

nuer :
M NO VEL T TOT P TOY P STAT AREA GAN i
307 427, 827, 8518, 7902, 097 14391

R AT SR e T e

90RE SANTUS LIMTY i

STAGE 1

WOISK WALD WSHRD WHIFF cL RHO
] 8.0 %] 1.2 43 be20 2134
] SOR RA% RYIP NR UTieC nstR ASTR MEIGHAT STAGE 1 ;
3 245364 4l7r2r 450 15 110545 21462, 30691, Bek 2647
]
i N STG WEIGHT LENGTH CENGRA INERTIA .
i 1 14401 hodb hedh 2647

nusT i

M N} VEL T INT P TOT P STAT AREA GAM .
F 203 2139, 113%, 22626. 21783, 2062 14372 i
4 oR AN EF PO T0 e 1d ]
E 240634 9237 224364 1133, 429 h
. 91 HO Wl Cul 3
k 193,34 274,09 P03 2ebl

seescannntrasnnseds TOTAL CONP WEIGHT IS 14,0

DR e

FYITIZ LI
» ]
1
A Figure 23. WATE-S Turboprop Sample Case Debug Output (Contd).
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ORIGINAL PAGE 13
OF POOR QUAL\TY

4T 7 e
] »
ITTTIYITIT 18 F]

HAY CANATTICES (0P AT
P e T IR T LU LI LRI L DL RS LR LI L L LA

ALY MN VALUE
pTIY Qs V000 140,7 LA/SQIN
LAxA e 04900 24063.7 DEG R
twaut O 04000 13,44 LB/SEC
SRETARERE PN ONRIANRNORRERI AN PRRURERRARAY

buct
MmN VEL T T # TQT P STAT AREA QAN

+19A 498, 2486, 21413, 20087, 1101 14300

UTIoMAY STPESS DEN WGHT/A TR HIT
132344 326825, 206 0202 1400 « 809

TURAINE 7 HMECHANICAL DESIGN
4fT N STG M Wak € AREA
+H08 1.0 1.323 2101
nr RYIP ARHUR  DEL M PN MAXRPN TORQ
132340 3463 2493 260,55 417284 #1728. 4128,

STAGE 1
DIsSH ALADE VANE HWh CASE AR
3147 ol a B L) 1.0 1.20
SOR  DEL 4 MAC4 AREA R HUA R TIP N3 UTIOMAX STR WEIGHT LENGYH STG I

1,750 08,7 4195 4101 2493 1,63 33 132344 32829, Te0b 192 19

STAGE 2
1] &1 aLANE VANE HW D CASE AR
LY of 1.2 1.5 1:2 1.70

SoR DEL 4 MAC+4 AREA R WUR R TIP NG UTIPMAX STR WEIGHT LENGTH 5TG I

hen WARNING FOLLNWING STAGE DESIGN LINIT EXCEEOED #e¥%e

ALADE RQONT STRESS 1S 5%081.7 NES LIAIT 1S 5000040

#MSTRESS 1S TOD 4IGH REOUCE SHAFT SPEED TR INCREASE EXIT MACH NUMBER#®

2,1%4 Ah R (214 WlT0 293 40 38 1472.6 95082 9.21 1469 26,

SYAGE i)
IS ALADE  VANE HWD CASE AR
he? 2.1 3.0 2.0 1.9 2.20
§0R DL 4 MACH AREA R HUB R TIP N8 UTIPMAX STR  WEIGHT LENGTH S§T6 1

saes JARNING FALLNWING STAGE DESIGN LIMIT EXCEEDED ®exew .

8LADE ANAT STRESS IS 10179849 DES LIMIT IS 3000040
«eSTRESS IS TNO 4IGH REDUCE SHART SPEED OR IHCREASE EXEIT MACH NUMBER®®
2eaBh Rhed 4232 #2314 2,93 4,79 35 174448101799, 13404 2.19 49,

FRAME WT = 21451

N STG LENATH WHEIGHY CENGRA INERTIA
) 6.20 3342 49 9%,

nue e
MoNn VIL T TOY p Tt o STAT AREA GAM
+280 4h9. 1597, 2116, 2020s. ob&s 14333

PR ™ AD EF PN ™ TNl
104117 14583  oB8663 211642 1534:1  1337.3
"IN 4 nuy ANDZ FLOW 1P
583,49 192,24 WBA1 T.e2 2733, .
Figure 23. WATE-S Turboprop Sample Case Debug Output (Contd},
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ShrRaohenaenansesnn TOTAL TURA WEIGHT [§ 88,4

LI iYL ]
]
Por n ORIGINAL PACS: 1

. SR EER A2 OF POOR QUALITY

MAX CONDITINNS QCCUR AT
GERRARERRRARAOSRINARINY

ALY N
T s 04000
a7 O« 0,000

SRRRAREEERR RO AR A RREEE
RHe 3,30 RTe 3+57 LENGn 2,27
AREAs +44C RHO= 284

CAS WT INRG WT Wtar

1.14 ab? 1.81
PERGERRRRO R RS
] [ ]
¢« N7 9 #
[ ] .
LIS It 11 ] )

MAX CONDITIONS OGCUR AT
SEREERSRRNE R ROR D RNEPRN

ALT MN

PTAT O 0,000

T™MT Ne 0.000

CROBAERAENA RSN SRR ERNNN

WEIGHT» 3450 LENGTH» 1le15 TR WTs .0e00
EERANERRAER RS

. *

* PR 4 »

. »

ARRRRARANRN D

MAX CONOITIONS OCCUR AT i
I TTTY TSR LIT LA LD ALt LI A L LRI AR 2L L

MAY CONDITIONS OCCUR 4T

ALY NN VALUE
pTNT O 0,000 155.8 LB8/SQLn i
1T 0 04000  113%¢3 DEG R
CHIN % 04000 140 LA/SEC
TTLIY ISR L TN 221 P LA R LTt Y2 tl
2N RAUT LENGTH MACH WSPEC Y
TLL .08 7,20 +031 2.587 :
CAS NT  LIN WP NOZ WT  INC T FRAME WTOT ,
5.9 11,2 1e4 47 5942 0240 ]
P
L (IR IER ALY LR
: M “ i
! A pane 10
E ’ )
TTYTYTITYIT ¥
:
E

Figure 23. WATE-8 Turboprop Sample Case Debug Output (Contd). 1
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KEARNRR AR RS
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£ ACCS 4T #
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]
T Py Ty IYY:

4CCS WTa 38,93

CASE INENTIFICATION 413.1 TURSOPROP ENGINE SAMPLE CASE

METGHT INPUT DATA IN ENGL UNITS
YEIGYT QuUTOUT NATA IN ENGL UNITS

CAMP T CIMP  ACCU  UPSTREAY RADIUS
N\ EST  LEN LEN RL RO Al RQ  RI RO

2 oh 36 3.4 0.0 3¢ 0.0 040 G0  3Jeh
3 17.1 bo? Bel 12 343 040 040 1e2 44t
4 L TR 229 110 %ad Te3 0.0 0.0 48 Ta3
4 149.0 o3 1544 led 249 040 040 leh  #,8
65 31240 Te2 2246 He9 Bel 040 00 be® Bul
T 83,4 bed 217 209 3¢5 Qa0 340 29 4,2
A 1.8 203 2349 343 %546 Q40 040 ded Beb
9 3.8 1lel 2541 040 S2% 0,0 0.0 00 9.0
i1 1% 320 1544 142 343 Llebh 2.3 0.0 040

RAQE ENGINF WEIGHT = 17645 TOTAL ENGINE LENGTH =
ACTESSORY WEIGHY w» 3345 HANTMUN RADIUS =
4347 EXCH WELGHT » 0.0 CENTER OF GRAVITY »

EXHAUST SYSTEM WT » 3.5
GEARANYX WEIGHT = 214.,9 PROPELLER WELGUHY »
TITAL ENGINE JETGHT » 43344

U

DeC
0.0
0.0
Le0
G0
0.0
0.0
00
0.0

33,1
Bel
LTS

199,09

DOWNSTREAM RADIUS

RA

0.0
0.0
0.0
Qe
0.0
0.3
Qe
Q40
0.3

NSTAGE

CoOOWwWL O ro

Figure 23. WATE-S Turboprop Sample Case Debug Output (Contd).
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ORIGINAL PASE 1
OF POOR QUALITY

GASE RDENTIFECATIUN AeBod TURROPROP ENGINE SAMPLE CAM

KEAGHT INPUY DATA EN ENGL UNITS
WRTGHT DUTPUT OATA IN ENGL UNKTS

CONP  wT  CONP  ACCU UPSTREAN RADIUS OOWNSTREAN RADIUS
N R0 AP AD RI RO R} MO

0 EIT LEN LEN RI NSTAZ
2 o 3rd 3ad 040 3ed D40 040 Del Bod 00 240 ¢
3 174 1Y 4 8s) 12 343 0.0 040 1e2 &6 040 044G 1
4 bed 249 1100 4,0 Ted 0+0 Qa0 400 Ted 040 040 ¢
5 144d %03 1304 Led 245 003 040 1ad 4l 006 006 1
& 8240 Te2 R248 8.9 Gel U0 J40 89 Bed 0,0 400 ¢
T 5344 Ged 21e7 2649 Bob 040 Qo0 209 642 Gevw 040 2
8 1.0 2¢3 23¢9 343 5.6 0.0 0.0 523 Dad 040 Qb t
9 3.8 L1i.1 3941 0o 54b 04D Qed CeO 304G Qb 040 [
1 1¢3 Q¢ 1004 142 343 14 245 0.0 Qs 04l 040 (
BARE ENGINE WEIGHT = 17645 TOTAL ENGINE LENGTH = 33,1
ACCESSORY WEIGHT = 30,5 MAXIMUN RADIUS = 8,1
HEAT EXCH wEIGHT = el CENTER OF GRAVITY » 8el)
o EXAHAUST SYSTGM WT = 3.5
L GEARBOK WEIGHT =  214,9 PRIPELLER MEIGHT = 1594u
i TOTAL ENGINE WELIGHT »  433.4

Figure 24. WATE-S Turboprop Sample Case Long Output.

S e

CASE IDENTIFICATIDN 4:3.1 TURBOPROP ENGINE SAMPLE CASE

PRI T T ok
i

WELIGHT ENPUT DATA IN ENGL UNITS
WELGNT OUTPUT DATA IN ENGL UNITS

okl

S S S &
i

BARE ENGINE WEIGHT s 176,53 TOTAL ENGINE LENGTH = 3341 A
ACCESSORY NEIGHT = 2d.0 MAKENUM RADIUS = 841 ;
L HEAT EXCH WEIGHY = 0.0 CENTER OF GRAVITY & 8,1 !
b EXHAUST SYSTEN T - 30
Y GEARBON WEXUMT &  214.9 PRIPELLER MEIGHT =&  135%.w
TOTAL ENGINE WEVGHT = #32.4

Figure 25. WALE-8 Turboprop Sample Case Short Output.
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4.3,2 Turbofan Engine

Figure 26 illustrates the configuration of the sample turho-
fan test case. The engine has two spools, The low~pressure apool
consists of a two~atage axlal fan, T-atage, and two~stage axial
low~-presure turhine. The high-pressure apool conaists of a

aingle-atage centrifugal compresaor driven by a single-atage axial

hi yh-pressure turbine. The engine has a reverse-flow surner and a

mixer-compound exhaust gyastem.

Figure 27 illustrates the input reguired to estimate the
weight of this engine. The first title card is followed by the
configuration input, namelist $C. ‘This engine configuration is
nearly identical to the default and reguires few changes. ~ompo-
nent 15 is a mixer instead of a nozzle, and shaft 16 ccntains {(he

£an, T-stage, and LP turbine.

Following the second title card, the +tmemmdvaamic input .s
specified in the $T nameligt. The mass f1ow rate, total pressuve

and temperature, and fuel/air ratio are specified for each sta-
tion. The thrust and fuel flow are entered in the "PERPF" array,
but these are -ptional inputs and are not required for execution.
However, the mixer flow areas, DATOUT(1,15) and DATOUT(2,15) &re
required and must be input for the mixer weignt and dimension cal-

culations.

The aeromechanical inputs are next, and are contained in the
$W namelist. Default values have been used for most of the
"IWMEC" array since the sample turbofan configuration is so close
to the default configuration. However, IWMEC(7,2) and IWMEC({7,5)
are set equal to 2 for the two-stage fan, and IWMEC(7,7) 18 set
equal to 1 for the single-stage t-stage LP compresgor. A two-
stage LP turbine is input, IWMEC(5,13) = 2 and component 15 1is

specified as a forced mixer.
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ORIGINAL PAET
OF POOR QUALITY

::ﬂ.? TURBOFAN ENGINE SANPLE CASE
-

JTYPE(19)08,
:gggsttr.xi-c.Jconsc15.23-5.7.11.4conw¢10-3|-1:.0.
‘:;3.2 TURBOFAN ENGINE SAMPLE CASE

WTFe17,8000 80079 398408125399.,007849695003098:9699847595¢21058.931,
2¢9,0100399,154»
TBP!ES'IQ.D’O.13.1‘5963.537l‘2.1703lﬁoé’bn10.1#5-2“3.5310Z‘QOQWOOO
59019322¢3104694296,269104.5305102:125540.837540.426537.347»
TDTEHP"IU.T:’OZ05079109’2‘?!6063562.5:3‘739...!‘017-6:2‘1395.5l2579o7'
2077015207105, 10694,452%1087.7»
FAR=13%049 001925 ¢ 01925 401915401915,0108,,0108,
; PERPF(2)26514256108,.3,
' DATINP(S,1)net9,
. DATOUT(151950+31.1885146.53,
. $ENO
3 1)
IWNEC()02)9251525005%0002»
f INNEC(1s5)935152,5002,0025
i IWMECI1s 7Y mdpls400,1,
_ IWNECC1s13)09552951292,050,
INRECI1+150=13,040,
DESVAL{L102)93851aTretr1:e%22001e% +835042000109200030p.908,
DESVALEL»3)e44930430e3=1s»
DESYAL (L1950 me385107reds10352es1e5) 0839000000901 0¢00003400905,
OESVALCLoT)uet3s 10790922099 105010595040500200016¢2000205.8615
DESVAL(120) ol 8,p00p=1,s
DESVAL Lo 9000820 4010059920002900001952%005169000¢372:97»"
: DESYAL(1510)205%.'94008,000~%¢»
OESVALCLo 1102, 1000e20510022%1029¢315125000002¢s10»
OESVAL{L1s12)8:4p8,400us"1les
DESVALIL1»13)i2353020108010%92005¢31512500005109109
253:Alllll’l'oﬂlﬂcol3‘0.o

O T——

v

Pacdiaik L=l

eaT

A S

Figure 27. WATE-S Turbofan Sample Case Input.
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The "DESVAL®" values follow the "IWMEC" inputa. In this case,
most "DESVAL" values are specified, the "DEFAUL" valuaes used for
v i 1, o (domponent 4) intercompreasors duct (compo-
nent 6), turbine exit duct (component 14), and shafts (compo~
nents 16 and 17). The fan, (components 2 and 5) has an inlet Mach
number of 0.56, inlet hub/tip radius ratio of 0.4, and exit Mach
number of 0.43. The tip solidity is 1.5 and the first and last
stage aspect ratios are 2.0 and 1.5, respectively. The fan util-
izes a constant tip radius design mode, DESVAL(12,2) =3.; &and a
3.5 percent scalar is applied to the design-point pressure-ratio
corrected tip-speed correlation, DESVAL(13,2) = 0.965., The inter-
compressor duct, component 8, has an inlet Mach number of 0.4 and
a length~to-height ratio of 4.0. The inlet mean radius is deter-
mined from the upstream component, LP compressor 7. The burner
through-flow velocity is 53. £t/ and a burner residency time of
0.008 seconds is specified. The inner diameter of the burner is
specified as the outer diameter of component 9, the HP turbine
(DESVAL(4,10) = =9.). This 1is how reverse-flow burners are
handled when the mean diameter is not known.

The HP turbine, component 11, has an inlet Mach number of
0.16, turbine mean work coefficient of 1.24, and an exit Mach num-
per of 0.31, The tip solidity is 1.6 and the aspect ratio is 1.2.
A disk reference stress of 125,000 psi is specified, DESVAL(7,11)
= 125,000, The forced mixer has a length to hydraulic diameter
ratio of 0.8 and has 8 lobes,

Figure 28 illustrates the complete debug output for the tur-

bofan sample case. This includes the configuratiom, thermody-
namic, aeromechanical, and printer plot sections,
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4.342 TURBOFAN ENGINE SAMPLL CASE
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INLET
COMPRESR
DUCT 8
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buct 8
COFPRESR
DLCT B
CUMKRLSF 11
OuCT B 12
TURBINL 14
CLCT B 1%
TULRBINE 1¢
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L

% <CChp T <«cone T CNOZZ AP

_‘ 10 9

E <TURR 13> «uct  8?

; 11

t SCCMP 9 <COH; 9

4 12 1

: uCtT 10* <{URe 11

( 14

; <TURE 11?

2 15 |

& wuct 12> k
26 '

<TURE 132

a7 ‘
<QUCT 142 ’
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19
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Figure 28. WALE-S mTurbotan Sample Case Output.
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IWPEC(152)9251525(255C52)
ISPEC(L195)23,102,C,2,C,2»

"IWPEC(1913)89,55,5%5,512,52,0,0,

114

IWFEC(1515)m)15,608()

_CESVALL)p 202056010 7004%2105020010500439009000)00Ce030reS65s
CESVAL(L1»3)m,6533C,90as=10>
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QESVALCtL»8)9,454,9000=10s

CESVALUL»S Do e02546,100%9920022%00961952%0091090090s3724%7»
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0::VAL(1'15".308-013'0.9

SEND

¥igure 28. WATE-S Turbofan Sample Case Qutput (Contd).
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CASE IOENTIFICATICMN ha2e2 TURAOFAN ENGINFE SAMPLE CASE

TLITII LI
E TR  ORIGINAL iﬂ;ﬁl ﬁ
;:o;uunn; QF‘POOR Q

C

¥ NO WVEL T TOT P TOT P STAT AREA GAp
0560 631. 363. 20811, 2112,  «279 1,400

LTIPNAX STRESS DEN WGHT/ZA IR (T2
138241 33786, 2168 ¢560 1400 4400

CCMPRLSSOR 5 MECHANICAL DESIGN

LCADING N STG Q1AM Uy TIP € ReM  C @BM MAX RPM
1s1€1 2.¢ FeCY9  1327,2 34841, 23436, 34841,

FRAME WT = 14454
STAGE i

W W WS W WC  CL  RHCB RHOD AR
1s8 1ot leb CoQ 246 2,2 L1088 L1068 2,00

SPR DEL H MACH AREA R HUB R TIP NB UTIPMAX STR  WEIGHT TIN

4908 WARNING FOLLCwING STAGE DESICN LINIT EXCEENED wwesw
STAGE woRK CUEFFICIENT Is 1,1€ CES LIMIT 1S L0

$4STAGE WCRK CUEFFICIENT TO nIGHs ADD STAGES OR INCREASE H/T INPLTS

14592 2241 458C o276 1,82  4.55 21 1282,1 32788, 78

STAGe 2
L1 W8 WS WN we cL RbU8  REND AR
1.1 9 9 o9 242 2.7 «l&8 G168 1.%0

SPRLEL H MACH aREa R HLB R TIP NB UTIPHAX STR WEIGHT TIN TMAX 35TG 1

8¢3, PS03

1e497 2241 o495 4279 2480 4e%T 36 130241 2%843. Te9 £34¢ 051,

k STG WEIGHT LENGTH CENGRA INERTIA
2 30440 Ts+36 Je08 3.9

cLer ’
P NO VEL T 30T P TOT P STAT ARES GAN
#4230 564, Tab,. 6289, 523 +219 14394

PR AD EF fL T0 HP
2e38% L0869y £269, Thbde 1117,
L) HQ wi Cwl

1234447 1784460 17469 15,09

SRNNTIRLBANNNSSR e TCTAL COMP wEIGHT IS 20,9

TYIYIITTITL T
L] .
¢ DUCT & o
) .
LTI LT LY

MAx CCNOITIONS GCCUR AT

CHENNNRNINIRININIAIINNS
ALT 4.

PICY Ce o£5C

Figure 28, WATE~S Turbofan Sample Case Output
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p 7 WTE e, T

i s e o

3151."...2:“»..:323. gﬁ'gg‘g\l PAGE 15
Re 3420 RYm 3,65 LENG 78 -
AREA® '.fn'anc- .120 hEnGe * R QUALITY
CAS WY ING WY wT0Y
'Y +13 228

LI TII YT
’ ]
* (LIC 7T =
L]

™
(I ITIT F

FAX COMDITIONS DCCUR AT
CRSIA4NNINIARENIRINNRENIEENRIERINIOOsne

ALT MM VALUE
pIlY Oe o050 43,8 LB/SQIN
T1CT Qe .11 73948 OLG R
Chln Ce 0630 ded LB/SEC
"...".“"‘.‘.‘"“..‘.““‘.‘.‘...".

oLCT

M NC VEL T TOT P TOY P STAT AREA GaM
«430 %82, T40. 6268, 5523, +110 1,399

949482 RECALCULATE UESTREAN OUCT CONDITIONS, SPECIFIED RPN

ELCY

P NO VEL T 707 P TOT P STAT AREA GAM
oh33 5664 740, L1 L 2508, o110 1,399
LTIPMAX STRESS DEN  WOGHTZA " CTAS

113%.4 120861, olod o134 1,20 L8000
CCMPRESSOR 7 MECHANICAL DESIGN

LCADING N STG  CIam U TIP C ROM € RPN MAX 4PN
«9C7? 10 Te&? 930e7 34841 29173, 34841,

STAGE 1
'Y wh L H WN we cL RHOB PHOD: AW
le «3 +3 lal o8 1le2 J188 G188 1,50

SPRDEL H MACH AREA R HUB R TIP NA UTIPMAX STR  WEIGHT TIN TrAX STG %

9900 LARNIMG FOLLCWING STAGE DESIGN LINIT FXCEEDLED wones
STAGE wORK CCEFFICIENT IS 493 DES LIMIY IS ,6C

POSTAGE WORK COEFFICIENT TO HWIGHs AOD STAGES OR INCREASE H/T INPUTOS
14350 189 o435 4110 2499 23473 70 113%.4 12086, 3¢0 M40, T40. L

"M STG WEIGHT LENGTH CENGRA INERTIA

1 a9 1.17 117 Be0

oLeY
P NO VEL T TOT ¢ TOT P STAT ARFa Gam
+400 530, 481b, Gabn, T15€4, «091 1,391

PR AD EF PC 10 14
14390 40392 Gada,. 818, 241,
Hi HG wl cwl

171.2C 198,10 SeCl 3,63

SAsRRIVRENITRIRERSD TCTAL COMP WEIGHT 1S LIy ]

Figure 28. WATE-S Turbofan Sample Case Output

(Contd) .
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ORIGINAL PAGE i'-"n
PYYTLIT I oF POOR QUALILT Y

)

. ¢ QUCTY d :
L] .
PERONNINNNNE2

i MAX CONCITIONS GCCUR AT
;| SPORRNOBENURIR IR R URNAS

] ALT N
L PICT 0, N1l
L 11cr Ce Y.1.14
i TIPS LIS L LI L
. RHw 3,04 RT= 3486 LENGe 2449
f ARKAe s091 RHL® o168
] CAS wit IMC WT Wrat
L ohb o k0 o8B
i
{ YYTIYITY I ]
: » .
: ¢ CENC 6 »
. L]
TITIIZITIYL ¥

|
‘ MAx CONUITIONS OCCUR AT
; ....I'..i..‘.‘l“.l.l.“.“.........".‘

ALT 1] YALUE .
' #1CT Oe 114 58,2 LO/RQIN 1
F 11CY Os Y11 8176 DEG ¥
, CwlN Oe 650 248 LB/SEC
Ooatnnton-ottitnnnncl-00*-‘00-‘000000‘0‘

pDucT
# NO VEL T TOY P TOT P STAT AREA QAm
+420 =TT, Blés 8380 T428s . 1008 1,391

STAGE 1 BLADE STRESS EXGEEDS ALLOWABLEy STRESS e 51099 ALLOWABLE & 4&]4Ade

STAGE ]
WDISK wiLD RSHRD WOIFE ct RHO
1 542 . o 9 3.0 .26 o134
SPR RPN R1IP NB utIerc 0sTR asTa WEIGHT STAGE I F
‘ 5¢32% 63690, 3,57 20 1349,8 4%602, 51099, %0 1404 ‘
; .
N STG AEIGHY LENGTH CENGRA INERTTA
1 CPY 1] 3,34 3434 14,4
1
cLeT 1
L%

. P NO VEL T TOT P TOT P STAT AREA GAM
3 o190 341e 1396¢ A4T740e  43681s o043 1+3%6

FR AD EF PO T0 He
2,336 L6201  A4740e 1390, 1849, ]
HI HO ni Cwl
i 19€e1C 341076 €487 2484
nssecaseenensennde TLTAL CCMP WEIGHT IS Feb
TITIYTY LI LY
. .
* HPT 11 @ . f
» L]
i
Figure 28. WATE-S Turbofan Sample Case Output (Contd).
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.f PYYLIIIYTITITY ORIGINAL Fousl u
:' MAN CCNDITIGNS QCCUR AT OF POOR QUALIET
‘.ll.rll'l."l..’.'.‘l".’..lﬁ‘.‘.“.“.
ALT AN VALUE
M0Y G 0650 29840 LB/SQAIN :
1107 Oe 2680 257947 DEG P
o Ut Co o650 2.5 LA/SEC
.“‘.lllﬂ'.l.ll‘...!"‘..l"‘.“.......ﬂ

-

oLcy
MND VEL VT TOT P TUT P STAT AREA GAM

o160 383, 286U 42601e  A2244. +076 14299

. LTIPFAX STRESS DEN WGHT/A TR . H/T
' 188C+ 6 571066, s 26t o160 1400 40239

f TVRBINE 13 MECHANICAL DESIGN : §
' WIT N STG N WRR C  AREA ;

o038 1.0 le240 20786
vt RTIP kHUB DEL H Apw MANRPP TORQ i

’ 1660s6 3430 2082 l47.% 3490, 63890, 1044, ;

e e

STAGE 1 ;
CISH BLADE VANE  HND CASE AR : ;

} 5.0 ok 1] 1.0 o7 le20
) SPR DEL W MaCh AREA R MUB R TIP NR UTRomax STR WEIGHT LENGTH STG I

4 0999 WARNING FOLLOWING STAGE OESIGN LIMIT EXCREDED wedwd
; 6LA0E ROOT S5TRESS IS 87167,7 DES LIMIT It  7%0000,0
SOSTRESS IS TGO HWIGH REDUCE SHAFT SPEED NR INCREASE EXNIT MACH NUMBEROS
2.90C 18744 o18C o076 2082 3,36 73 188N.8 57188, Teb7 120 23,

p STG LENGTH WEIGHT  CENGRA INERTIA
1 1.20 Tab? 1s2 2%,

oLLY
P NO VEL T TOT P TOT P STAT AREA GAM
¢21C 645, 20774 13C524 14136, 105 1.312

PRSP

i PR IR AD EF ] 10 Y0.1 )

] 20893 1e242 8962 190%243 207701 20771 '

k b IN W ony ANGZ  FLOW HP ' 1
; CELe3S 537497 0397 B8e¢93 18634 %

. disensnnensonssnnsn TCTAL TURB wEIGHT IS 7.7 ! \
\ ' TILLCIRIT I

f . ’ ;
; ® DUCT 12 » .
g . . i
i (YITITINTIIY LT o
! i

nAX CONDITIONS CCCUR AT
IEPSHBEFENIENERRANIRO NN

ALY NN :
10T Oe 2650 |
ey Co 02C

! SRS BINsRSR RN RINNRGN .
REw= 2478 ATe 3,40 LENGe .12
11y L o084 RHL® 288
CAS W' INC uTY wIpt
o5t o708 1.3

Figure 28, WATE-S Turbofan Sample Case Output (Contd).
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A ORIGINAL PAGE 15
o OF POOR QUALITY
$ (TIYYTIIITITY
A » .
4 . LPY 13 »
F M M
b~ WaNRNeeeNe)
& NAX CONDITIONS OCCUR AT
1 BERSARRRANRASRLININENNIRIIRRBENOINININESe
: ALT MN VALUR
PICY O .11 102, LO/SAIN
TICT Qs 1114 2071.9 OEG M
ChCUT L+ 11 GeC LB/SEC
SINBEHIIETERINICI NN NN PRIRARNRURUARNEOID
CLCY
PNO VEL T TOT P TDT P STAY AREA GAN
q «230 494, 2072+ 14706, 142C8, o140 14312
% UTIPPAX STRESS DEN WGHT/A TR Hyr
E 119646 31757, s8¢ o288 1400 aThi
g LREINE 13 MECHANICAL OESIGN
4 WY N STG ¥ wWPK € AREA
' s TO4 240 1.2¢C 0140
uT RTIP RHLB QEL W LY 1] MAXRBR TORO
; 119644 3,93 3.¢1 10648 34041, J4M4Y, 2442,
STAGE 1
CIsSK BLADE VANE HuD CASE AR
1Y) 1a2 1.4 17 1«1 1,90
4 SPR DEL N MACH AREA R HUB R TIP NB UTIeMAX STR  WEIGHT LENGTH S5T6 I
! 1849 82,4 ,23C 4140 3,01 393 63 119%,4%4 31757 8,90 1.60 20,
STAGE 2
tIsSK SLADE VANE WD CASE AR
2.0 1,7 149 1+2 1s1 2,00

SPR DEL H MACk AREA R HUB R TIP N® UTIAmAR STR  wEIGHT LENGTH 537G 2
14622 5344 427C o178 2470 3492 04 119844 402320 8,90 1.99 24,

ERANE WT = 12420

b STG LENGTH WwEIGHT  CENGRA INERTIA
2 3o 98 30425 3,0 32

CLCT

M ND VEL T TOT P TOT P STAT AREA GAN
0230 604, 16%4s BEU]. 2520s e244 1,327

#R TR AU EF PO TQ T
24301 1e223 $9143 D880, 0 1694,4  1604,4
b IN H out ARGl FLOW HP

536029 429,03 AL} 9.01 1381,
sndonenneetentdsdd® TCTAL TURR WEJGHT 18 30.%

LTI TIL LR Y]]
[ ] [ ]
¢ DUCT 14 @
] *

LTI T TS

PAY CChUITIONS OCCUR AT
AT ITI LYY TERTIRY AT L)

Figure 28. WATE-S Turbofan Sample Case Output (Contd).
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| SHictey
: AT N F Pouy QL o
i MEeY G N-114 ALITY
E 116Y [ 7Y 1Y .}-1
PRIV NRSED BN RNER NI
‘ Abw Palh KT= 1.6 LENG® 1e%4
: MEan 0158 RHC® o208
] CAS WY ING WY Wtot
N o8 o3 281
TITITIYYTYITL
} ] L}
\ ¢ FRIX 15
. [ ] L]
l YT ITI I LN
] NAX CCNDITIONS OCCUR AT ,
; SNISEANBENRTINRSRINNNN
' 18] hN
PICY Gs «650
L 1101 Co LY
; P00 LINRNAICERRINRENY
3
\ mix wt PLUG WY w707 LehGTH CUTER RAD
1 1ed 1.0 2.9 4e b hod]
TTITITYI I L. L)
’ . ]
¢ fC 2 o
. .
E Y SITIILILILY
: (TYLIYIXITNL L]
{ ) »
' ¢ PBULR 10 @
it [ .
3 ITTTIYIYILY L ¥
F
[ Max CCADLTIUNS UCCUR AT
T T TR LI T TI LI TS L LI LR L L L L
ALT N VALUE
PICT Os o620 310,7 LB/SQIN
TICT Ce +65¢C 1399,¢ DEG R
ChIN GCe «85C o7 LB/SEC ! |
PP T T LI TTI T A AL LI LT L L L LA g bl
RIN ROUT CENETH  + MWaCH WspPEC
3,57 2,28 5e28 +031 2,567 ]
CAS oY LIM Wl NGZ WT INC T ERANE wtTay .
et Sel o1 Re0 29,1 2%.7 |
4
SRSRBSIRREIES
. . . - |
¢ DUCT 3 * 1
. »
(TYYYITIIILY Fi r

MAx CONDITINNS OCCUR AT
NINEARRENNORNANELASENAR

ALY L
PICYT Qe 114
Ty Ce N 117

Figure 28. WALE-S Turhofan Sample Case Output (Contd).
121




SNRERIINNRBATRRANIININD
Rhs 293 RY= he 55 LENG  1E0TH
ARLA® o115 RNOw 4166

CAS wT ING WT WTOT
40 B0 ekt U426
sensenensevs ORIGINAL MAGE us
. seuny -
¢ . OF POOR QUALII
¢ NO2 h ¥
. )
YITIYIYI I Y]

Max CUNDITIONS OCCUR AT
SHAPERNBRNRREI RGN NERO NS

ALT MN

PI0T 0, a05C

1319%) Ce o 05C

SRR ARERBANSOYRNIQOREE

WEIGHTs 3216 LENGTH= §e10 TR WY» 0e 00
(YX LI T LT IYY Y

] )

* SKAF 16 ¢

[ ] ¥

SR ENNENISND

MAX TORQUE CONDITION
(TYY XIS YY IS I LY Y] )
TCROQUE
205%5,2
T TSI YY)
SHAFT 16
Do DI LENG DN WY
+95 o T 12,0¢ s 84 «87

TCTAL INERTIA CF TWIS SPOOL 13 92,

S000ERR IR
" .
® SHAF 17 *
) .
1800400000082

PAX TCROQUE CUNDITION
TYTITILTIT YT LT

TCROLE
1530
VRV ERASA NSRRI RIS SOREGY
SHAFT 17
0o L1 LENG 1) (%)
1421 1429 %e28 2.1 o180
T1CTAL INERVIA OF THIS SegoL IS 37

ThE DN VALUE OF 2411 PILLION IS HIGH

Figure 28. WATE-S Turbofan Sample Case Output (Contd).
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QRIGINAL B0y wa
YT OF POOI! QUALIYY

»

]
# ACCS WT »
[ ] »

TIIIYLLII1L LI

i

ACCS wPa 37401

VIR A e e T v __hae

i CASE IDENTIFICATICN 4a342 TURBOFAN FNGINE SAMPLE CASE ’
‘ ]
5 WEIGHT INPUT CATA IN ENGL UNITS
E weIGHY GUTPUT DATA IN ENGL UNITS :
; Ccrp Wt CCHP ACCU UPSTREA® RADIUS DOWNSTREAR RADIULS
i NG €ST LEN LEN RI RC PRI ARG RI RG RI KO  NSTAGE i
2 15.1 Tes Ted 3¢5 445 0e0 0,0 4,0 4% Ce0 040 c :
3 Beh 1667 2601 39 4¢% 040 040 349 4af Co0 (ol ¢
q 4 3.2 9ol 35.2 0,0 4% 040 040 Ce0 4sl 00 0.0 <
. 5 15,3 Tet Teh 148 343 040 040 342 440 Cal C,oC ]
% & 3 8 8sl 342 4.0 04,0 040 342 4,0 0,0 Q,C ¢
‘ T 3.8 Y 9s3 3.0 247 0,0 040 3.0 347 Ca0 Col 1 j
i @ 9 245 1le8 340 347 0.0 040 260 367 Co0 Caol ¢ A
3 S Geb 3¢3 18541 149 243 040 0,0 1¢5 4a0 Ue0 Cof 1
E 10 39,7 $,3 204 400 543 000 0,0 400 543 Co0 C€o0 c
: 11 77 1e2 10643 248 ¢4 000 Ce0 2¢7 349 0s0 Col - 1
: 12 1.7 3¢l 1564 248 3Jeh 040 0.0 2.8 3c4 Ce0 0,0 0
13 2043 del 23084 340 349 Col 000 2s1 349 Ce0 (€4l 2
14 Y] Tad 2%4C 241 3,7 Ce0 0o 2el 347 Ge0 040 o] 1
i® 2eb hod 2904 240 Fe8 248 4o 2¢0 43d Ca0 Qo <
16 9 Oe0 1%e1 308 Gad 342 4,0 0,0 0s0 0s0 Co0 0
E 17 o2 Ce0 OeC 340 3,7 18 2.5 G0 GCa0 Qa0 404 (4
F, BARE ENGINE WEIGHT = 13040 TOTAL ENGINF LENGTH = 2044
b ACCESSORY WELIGHY = aT+0 MAXIMUN RADIUS = 503
HEAT EXCH welGHT = 040 CENTER OF GRAVITY » 19,0 ;
EXHAUST SYSTEMN wl e 57 .
TCTAL ENGINE WEIGHY » 173.9 ]

Figure 28. WATE-S Turbofan Sample Case Output (Contd) .
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4.4 Program Diagnostics

The WATE~-8 program containe several error checks to aid the
user in obtalining an acceptable engine deaign. A listing of these
errors, and the subroutines the; occur in, are included in
Table XIV, None of these errors will cause the execution of
WATE-S to stop. The subroutine the error occurred in may be ter-
minated and subsequent component calculations can be in error.

4.5 Program Structure

The WATE-S code is written in FORTRAN IV and has been checked
out on the IBM 370 computer. However, the code was developed at
Garrett on a CDC 170 machine in an overlay structure. The code is
written in single precision and requires no subroutines beyond
those in the IBM FORTRAN IV manual. There is no character manipu-
lation and only full word tests are used when testing BCD input.

The main program is called WATES and in turn calls INPUT and
WTEST as shown in Figure 29. Subroutine INPUT reads the configur-
ation ($C) and thermodynamic ($T) data. Subroutine WTEST reads
the aeromechanical (SW) data and calls the component routines.
These component routines are independent of each other, and some
use the same lower level routines as others., After all weights
and dimensions have been estimated, ENGPLT is called to make the
printer plot.

The following variables in the common blocks may be refer-
enced by a component weight estimating routine depending on the
comonent type: DATOUT, WTF, TOPRES, TOTEMP, FAR, CORFLO, JCONF,
JTYPE, NCOMP, NOSTAT. In no case is any value changed by the
weight estimation code.
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T ORIGINAL PAGE I3
OF POOR QUALNY

. TABLL XIV. WATE~S ERROR MESSAGES

SUNRQUTINE FIGURE=
;, MAIN FLOV PATH OIDNT €NDs REYURN ~
FLOWPATH JTel OIDNT END» CHECK LOGIC

SURRAUTINE PISK= e o
GOSPSAVERAGE DISK STRESS GREATER THAN ALLOWADLE STRESSesswe XXKXXNAX,

SUAROUTINE OUCT1=-
TUOUCTYS NOT CONVERGING T

&g T RETTT TSN . w0t T wme T

SUSRIUTINE CENCNM=

STAGE I} DISK STRESS EXCEEDS ALLOWABLE, STRESS = XXXXXXN, ALLOVWARLE « XXKXXNXX,
: STAGE TY BLADE LTRESS EXCEEDS ALLOWABLEs STRESS = XXXXXXKe ALLOWABLE = XNXXXXX,
 STARE TI BLADE FREQUENCY LESS THAN 2/REV

e S i

SURRNUTINE G NECH=

S TR Ty ey

*edE WARNING FNLLOWING STAGE OESIGN LIMIT EXCEFDED eeone i
‘ BLANE POOY STRESS I® XXXN¥KX. DES LIMIT IS XXKARNX,
: PESTRESS IS YOO HIGH REDUCE SMAFT SPEED OR INCREASE EXIT MACH NUMRER®®

#8448 YARNING FNLLOWING STAGE DESIGN LIMIT EXCEEDED weene
STAGE HURTEIP RATID IS XXX DES LIMIT IS Xx,xx
*$HUB TIP RATIO IS TOO MIGH REDUCE HUR TIP RATIO INPUTee

Phed YARNING FNLLOWING STAGE DESIGN LIMIT EXCEEDED #ewes
STAGF MURTIP RATIO IS XuXX DES LIMIT £S5 X,XX
*SHUB TIP RATID IS YOO LOW INCREASE HUS TIP RATID INPUTH»

*00r WARNING FOLLOWING STAGE DESIGN LIMIT EXCEEDED wenwe
15T STAGF BRATIO I5 %XoXX NES LIMIT IS XXexN
®OSTAGE ALLDAARLE PRESSURE RATION IS TN MIGH REDUCE INPUT®#

e UARNTNG FOLLDWING STAGE DESIGN LIMIY EXCEEDED sewnvw
LAST STAGE MACH ND IS XoXX DES LINIT IS X.XX
$RLAST STAGE MACH NO IS5 TOO HIGH REDUCE STAGE ENIT MACH NT INPUTes

hos WARNING FOLLOWING STAGE DESIGN LINIT EXCEEDED %oene
STAGE RLADE MEIGKT J% XNeXX DES LINIT IS XXoRX
#¢STAGE BLADF MEIGHT IS TOO SMALL CHANGE OES OPR (R REDUCE W/T INPUTee

608 WARNING FOLLOWING STAGE DFSIGN LIMIT FXCEEDED sewnen

STAGE WNRK COEFFICIENT IS XX,XX OES LINIT IS5 MXexX

WASTAGF WORK CDEFFICTENT TO MIGHe ADD STAGES OR INCREASE H/T INPUTEe
CAMPRESSOR 1] PRESSURE RATID IS YOD HIGH

COMPRESSNR IT STACE AND OLADE PARAMETE®S, MEANINGLESS
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: ORIGINAL PAGE (3
) OF POOR QUALITY

-

: WATES
. '
- INPUT WTEST
5} i .
Flﬂ[mE FIN!'RT INIPRT NAMIEFR s*rm! AM nup!mv NAMllPﬂ IHJI\FT wlmn w-r!!loz Pulop w!u #
|
: | | I | | | | I
| comP COMBWT pucTW TURB WEPLT ENGPLT HMEC VALVWT
F |oucn FRAME |oucn STHERM |ouc'r NPRNT BTHERAM DUCT1
g STHERM | sTHERM | STHERM EFFD DUCT1 DTRAP oucT STHEAM
: EFFD | STHERM STHERM NPRANT |ouer
| STHERM ouct STHERM
oucT DUCT1 LoTasx
oucT1 STHERM TABX
STHERM TMECH Leisc
CMECH DuCT!
DUCT1 FRAME
FRAME STHEAM
STHERM STRESS
STRESS RADTUR
CWT 18T
DWT IMPDSK
DISK TURWT
TVOL DWT
SIZE DIBK
STRES TVOL
TVOL 812¢
TABX STAES
aIse TVOL
puct
DUCTY
STHERM
CENCOM
181
IMPDSK
SELMAT
TABK
pIsC
Figure 29. Diagram of Subroutine Connectivity.
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Based on the information in NCOMP and the JTYPE array, the
proper component routine is called with the component number (I)

as an argument.

Each component is expected to f£ill WATE(I),

ALENG(T), TLENG(I), RO(1.,I), RO(2,I), RI(1,I), RI(2,I)., Rotating

components also £ill RPMT(I).
where N is the shaft count from the inside out.

The shaft component £1ills DSHAFT (N)

The array "CONVER" in common CONVER are conversion factors to
convert English to 8I units for output, or S8I to English units for
input. However, all internal calculations in WATE-S cre pertormed
in English units.

LOCATION
1

w o - o WM

o =
= ©

VALUE
2.5400
0.30480
0.45359
0.092903
0.027680
0.68948
4.8824
0.55556

2326.0
0.074570
47.880

UNITS
ENGLISH

inch
feet
lbm
2
.3
lbm/zn
2
lbf/in
2
1bm/ft
°R
Btu/lbm
hp
2
lbf/ft

UNITS
SI

cm
meter
Kg

meter?

Kg/cm3
Newton/cm2
Kg/m2

°K
Joule/Kg
KWatt

Newton/m2
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The WATE~8 program can provide the level of acguracy in pre-
dicting weight and dimensions of both small and intermediate pro-
pulsion gas turbine engines that is required for preliminary
engine cycle selection studies. On an absolute basis, the calcu-
lated weights and dimensions have been demonstrated to be within
£10 percent for six reference engines. On a relative basis,
between engines of the same generic family and configuration, the
accuracy is much better, estimated at less than 22 percent.

The flexibility of modeling the engine allows virtually any
conventional or nonconventional gas turbine engine to be analyzed
given the thermodynamic performance of the engine components.
WATE-S is viewed as an extension of the Boeing WATE-2 code, that
is, the structure of the basic program was not altered. Hope~
fully, this should allow users of the WATE-2 code to easily adapt
WATE-S to their design system, if desired.

The following improvements to the program are recommended:

(a) Exit Mach number should be used to size the blades for axial
turbines instead of inlet Mach number as is currently in use.
Exit Mach number is a more fundamental parameter in turbine
design and the code should reflect this.

(b} The heat exchanger calculation ghould be made to "close the
loop" on fixed tube number. Currently, WATE-S estimates the
pressure drops through the heat exchanger for the input num-
ber of tubes. This could be compared against the thermody~-
namic data, and the number varied until the results agree.
For nonpropulsion engines, e.g. auxillary power units,
gtationary power units, and vehicular engines, the heat
exchanger can be the largest and heaviest component in the
engine, and hence, should be modeled as accurately as pos-
sible.
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{e) For ducta, burnera, and duct burners where the ID wall in
subjected to collapeing pressure rather than internal burst-
ing pressure, the calculations outlined in B8ection 3,1.6
should be included. Duct weighta are typically a small frac-
tion of total engine welght but a definite component accuracy
improvement could be obtained. In addition, the duct model
could be improved to radially match both the upstream and
downstream components,

TRy . BIRT e -

(d) Blade mean solidity should be used to determine the blade
count for axial components instead of the blade tip solidity.
Blade mean solidity generally has more significance and con-
sistency than does blade tip solidity.

e AT A
PR A P ST S S VTSI A WP SR PO WENI PRSP )
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ARPPENDIX A
2 LIST OF SYMBOLS
A area (cm”) u wheel apead (m/8)
| AF activity factor v volume (am™)
ﬁ AR agpect ratlo W welght (kg)
- C blade chord (cm) T ahear stress (N/cmz)
: C-D convergent-~divergent A turbine work
{ nozzle coefficlient
, C/8 solidity, blade chord to p density (kg/cma)
; spacing ratio
: w rotational velocity ‘
_ b diameter (cm) (rad/s) ]
i F force (Newton) c normal stress (N/cmz) j
' g gravitational constant € heat exchanger ¢
Kﬂzﬂz effectiveness
i N-8 6 ratio of local total
: temperature to i
% GR gear ratio standard temperature :
; h height (cm) 4 ratio of local total
;’ h/t hub/tip radius ratio pressure to standard
| pressure
L H total enthalpy (Joule/kg)
17 compressor work
HP high-pressure spool coefficient
L I rotational inertia (cmz-kg)
: J 778.16 ft-1bf/Btu Subsgcripts: 3
1 !
i :act:; for)blade volume h hub 3
LP 1eng o e spool t tip |
| ow-pressur po B blade |
g Mn Mach number
¢ case or corrected
N number of elements conditions i
P pressure (N/cmz) -] stator j
PT0  power takeoff hw hardware *
PW power (KWatt) Stg stage !
R radius (cm) D disk {
RPM revolutions per minute SPL splitter %
] blade spacing (cm) 2 engine inlet station ;
: T temperature (°K) or m mean
& torque (cm=N) { inner
t thickness (cm)
o outer
TR blade taper ratio
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